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Abstract
In step with the development of energy storage technology and the power electronic industry, dielectric
capacitors with high energy density are in high demand. Many modern applications require the dielectric
capacitors work under high temperature environment (> 150 °C), which poses challenges for commonly
used polymer capacitors. On the other hand, the ceramic capacitors benefited from their inorganic nature,
are potential for high-temperature applications. Although lead-based ceramics possess many advantages
such as high permittivity, the usage of lead is restricted by some regulations due to its negative effects on
the environment and human health. Bismuth ions Bi3+ have a similar 6s2 electronic configuration as Pb2+,
and are expected to induce high permittivity and high polarization in bismuth-based ceramics. Among the
various dielectrics, relaxors and antiferroelectrics (AFEs) are the most promising candidates for dielectric
capacitors with high energy density. The relaxors, which feature high permittivity and slim polarizationelectric field (P-E) loop, are expected to deliver a high energy density and a high energy efficiency
simultaneously at a relatively low electric field. The AFEs, on the other hand, possess unique double
hysteresis loop and can deliver higher energy density than other dielectrics when the polarization and the
applied electric field are identical. Therefore, this research focuses on developing bismuth-based relaxors
and AFEs with high energy storage properties.
The first research work in the thesis is mitigating the polarization saturation in 0.5(Na0.5Bi0.5)TiO30.5SrTiO3 relaxors. The polarization saturation is common in relaxors, which limits their energy storage
capability significantly because the increase rate of energy density is slowed after polarization saturation
occurs. By substituting the ferroelectric-active Ti4+ cations by ferroelectric-inactive Sn4+ cations, the
polarization saturation is mitigated and the breakdown strength is improved due to the reduced grain size
and dielectric loss. Consequently, the optimal recoverable energy density was 3.4 J/cm3 and the
corresponding energy efficiency was 90% at 310 kV/cm, achieved in the ceramics doped with 20% Sn4+.
The ceramic also exhibits excellent temperature stability over the temperature range of -20 °C – 150 °C and
cycling stability over 105 cycles. The ceramic capacitor can release 90% of the stored energy in 0.63 μs,
demonstrating great potentials for high power applications. The strategy of substituting FE-active cations
with FE-inactive cations is beneficial for developing novel relaxor ceramics with mitigated polarization
saturation and enhanced energy storage properties.
Compared to titanate perovskites, niobate perovskites receive less attention for energy storage
applications. The second research work is preparing and characterizing NaNbO3-based relaxor ceramics by
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co-doping Bi3+ and Zr4+ with identical amount. Because the charge difference between the host cations and
the doped cations, A-site vacancies are generated together with the Bi3+/Zr4+ doping, which are beneficial
for disrupting the long-range ordering in NaNbO3 and inducing the relaxor characteristics. As the Bi3+/Zr4+
content increases, the hysteresis in P-E loop is reduced and finally the relaxor characteristic slim P-E loop
appears. The highest recoverable energy density of 2.5 J/cm3 at 260 kV/cm is achieved in 8% Bi3+/Zr4+doped NaNbO3 ceramic. Of particular interest it that the energy efficiency is 92%, which is related to the
low loss of the ceramic. To further improve the breakdown strength and energy density of the ceramic, 0.5
wt% CuO was added as a sintering aid, and a special “Ramp-to-Spike” sintering temperature profile was
employed. Both of the modifications aim to reduce the sintering temperature, the soaking time at high
temperature region, and the associated generation of oxygen vacancies. The breakdown strength improves
from 374 kV/cm to 433 kV/cm after the modifications. The improved breakdown strength is attributed to
the enhanced resistivity and electrical homogeneity. As a result, the maximum recoverable energy density
is 4.9 J/cm3 and the energy efficiency is 88.4% at 430 kV/cm. The temperature stability and cycling stability
are not satisfactory, due to the temperature-sensitive permittivity and the oxygen vacancies, respectively.
The ceramic capacitor exhibit an excellent charge-discharge performance with releasing 90% of the stored
energy in 0.8 μs.
Although NaNbO3 is an AFE at room temperature, the AFE characteristic double hysteresis loop is rarely
observed in NaNbO3-based ceramics. The main reason is the existence of a metastable ferroelectric Q phase,
induced by impurity or electric field. It was reported the AFE phase stability can be enhanced by reducing
the tolerance factor. Guided by this, two series NaNbO 3-based AFE ceramics, (1-x)NaNbO3x(Na0.5Bi0.5)ZrO3 and (1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3, were prepared and characterized. The properties of
the two solid solutions exhibit similar trends as the endmember content increases: 1) the phase structure
transform from orthorhombic to pseudocubic; 2) the grain size increases; 3) the dielectric maxima
temperature first shifts smoothly to lower temperature and drops below room temperature when the
endmember content reaches a critical value; 4) the P-E loop shape transforms from ferroelectric square loop
to AFE-like double hysteresis loop and finally to relaxor slim loop. The similar trends in the two solid
solutions can be attributed to the reducing tolerance factor as the endmember content increases. Although
the energy storage properties of the present NaNbO3-based AFE ceramics are inferior, this work provides
some preliminary results for investigating the NaNbO3-based AFE ceramics. Further studied may be made
by following the development path of the well-studied PbZrO3-based AFE ceramics.
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In brief, some series of bismuth-based relaxor and AFE ceramics with high energy storage properties are
prepared. Some strategies for improving the energy storage performance of relaxor and AFE ceramics are
proposed. It is believed that the research works in this doctoral thesis can be helpful to the development of
high-energy-density dielectric capacitors.

III

Acknowledgments
First and foremost, I would like to thank my principle supervisor, Prof. Shujun Zhang for supporting,
guiding, and encouraging me throughout my PhD study. He provided me an interesting research topic and
trained me the experimental techniques in my initial stage of PhD study. His experienced ceramic
preparation skills and valuable comments on my experiment results always help me overcome the
difficulties in experiments and give me inspirations for improving the materials’ properties. Without his
help, I could not get through my PhD study smoothly and finish this thesis.
I would like to thank my co-supervisor, Prof. Zhenxiang Cheng for his supervision. He also trained me
to use the characterization equipment that is important for my research. I am also grateful to the visiting
scholar to our lab, Assoc. Prof. Jianguo Chen, for teaching and improving me the experimental skills. Many
thanks to the group members in our lab, Mrs. Xi Kong, Mr. Yun Lu, Miss, Yanhua Sun, Mr. Alain Moriana,
Mr. Lkhagvasuren Baasandorj, Miss Xiaoning Li and Mr. Xiaoyi Gao, who helped me a lot during my PhD
career.
I would like to express my sincere thanks to the staffs in AIIM, Mrs. Crystal Mahfouz, Ms. Naomi Davies,
Ms. Renae Clark, and Ms. Narelle Badger for administrative supports, Ms. Joanne George and Dr. Candace
Gabelish for chemical and safety supports, Dr. Germanas Peleckis, Dr. Andrew Nattestad, Mr. Tony
Romeo, Dr. Mitchell Nancarrow for training me the usage of equipment. Special thanks to Dr. Tania Silver
for helping me editing my manuscripts.
Finally, I would like to thank my parents and parents-in-law for supporting me all the time. Special thanks
to my mother-in-law, Mrs. Fengju Wang, who spent a lot of her time helping us during our hardest period.
Great thanks to my dear wife, Mrs. Xi Kong for accompanying and encouraging me during my PhD study,
and more importantly, for giving me our angel Yilan Yang who brings a lot of fun to the hard PhD life.

IV

Certification
I, Letao Yang, declare that this thesis submitted in fulfilment of the requirements for the conferral
of the degree Doctor of Philosophy, from the University of Wollongong, is wholly my own work unless
otherwise referenced or acknowledged. This document has not beensubmitted for qualifications at any
other academic institution.

Letao Yang
20th March 2020

V

List of Names or Abbreviations
ESD

Energy storage device

SOFC

Solid oxide fuel cell

BDS

Breakdown strength

MLCC

Multilayer ceramic capacitor

WEEE

Waste electrical and electronic equipment

RoHS

Restriction of hazardous substances

AFE

Antiferroelectric

FE

Ferroelectric

CS

Conventional sintering

SPS

Spark plasma sintering

BME

Base metal electrode

PNR

Polar nanoregion

BT

Barium titanate BaTiO3

BS

Barium scandate BiScO3

KBT

Potassium bismuth titanate (K0.5Bi0.5)TiO3

BF

Bismuth ferrite BiFeO3

NN

Sodium niobate NaNbO3

ST

Strontium titanate SrTiO3

MPB

Morphotropic phase boundary

BMN

Bismuth magnesium niobate Bi(Mg2/3Nb1/3)O3

KNN

Potassium sodium niobate (K0.5Na0.5)NbO3

SSN

Strontium scandate niobate Sr(Sc0.5Nb0.5)O3

PZ

Lead zirconate PbZrO3

PLZT

Lead lanthanum zirconate titante (Pb,La)(Zr,Ti)O 3

PLZST

Lead lanthanum zirconate stannate titanate (Pb,La)(Zr,Sn,Ti)O 3

AgNbO3

Silver niobate AgNbO3

PNZST

Lead niobate zirconate stannate titanate Pb(Nb,Zr,Sn,Ti)O3

DSC

Differential scanning calorimetry

VI

XRD

X-ray diffraction

SEM

Scanning electron microscopy

VII

List of Symbols
C

Capacitance

J

Energy

V

Voltage

W

Energy density

E

Electric field

P

Polarization

A

Area

d

Thickness

D

Electric displacement

εr

Relative permittivity

ε0

Permittivity of vacuum

Wlinear,max

Maximum energy density of linear dielectrics

Emax

Maximum electric field, or breakdown strength

Wrec

Recoverable energy density

Wloss

Dissipated energy density

η

Energy efficiency

Wdis

Discharged energy density obtained by charge-discharge measurement

RL

Load resistor

I(t)

Current passed through load resistor

Ppow

Power density

f

Frequency

tanδ

Dielectric loss

εeff

Effective permittivity

TC

Curie temperature

f0

Attempt frequency in Vogel-Fulcher law

Tm

Temperature corresponding to the maximum permittivity

Ea

Activation energy

kB

Boltzmann constant

VIII

Tf

Freezing temperature

Pmax

Maximum polarization

Eg

Bandgap

Eapp

Applied electric field

EF

Electric field corresponding to the AFE-FE phase transition

EA

Electric field corresponding to the FE-AFE phase transition

t

Goldschmidt's tolerance factor

rA

Ionic radius of A-site cation in ABO3

rB

Ionic radius of B-site cation in ABO3

rO

Ionic radius of oxygen anion in ABO3

θ

Incident angle

λ

Wavelength

dhkl

The interplanar spacing of lattice plane (hkl)

C-V

Capacitance-voltage

IX

Table of Contents
Abstract ........................................................................................................................................................I
Acknowledgments .................................................................................................................................... IV
Certification ............................................................................................................................................... V
List of Names or Abbreviations .............................................................................................................. VI
List of Symbols ...................................................................................................................................... VIII
Table of Contents ....................................................................................................................................... X
List of Figures ........................................................................................................................................ XIII
List of Tables .......................................................................................................................................... XX
Chapter 1 Introduction ............................................................................................................................. 1
1.1 Research Background and Motivation ............................................................................................ 1
1.2 Thesis Structure ................................................................................................................................. 4
1.3 References.......................................................................................................................................... 5
Chapter 2 Literature Review .................................................................................................................... 6
2.1 Principles of Electrostatic Capacitors ................................................................................................ 6
2.2 Classification of Dielectrics ............................................................................................................. 10
2.2.1 Linear Dielectrics ..................................................................................................................... 10
2.2.2 Relaxor Dielectrics ................................................................................................................... 12
2.2.3 Antiferroelectric Dielectrics ..................................................................................................... 28
2.3 Challenges to the State-of-the-Art Dielectrics for Electrostatic Capacitors ..................................... 43
2.3.1 Energy Density ......................................................................................................................... 43
2.3.2 Energy Efficiency ..................................................................................................................... 46
2.3.3 P-E Loop Shape........................................................................................................................ 47
2.3.4 Temperature Stability ............................................................................................................... 49
2.4 References........................................................................................................................................ 51

X

Chapter 3 Materials and Methodology .................................................................................................. 70
3.1 Raw Materials .................................................................................................................................. 70
3.2 Preparation of Ceramics ................................................................................................................... 70
3.3 Material Characterization Techniques ............................................................................................. 71
3.3.1 Powder X-ray Diffraction (XRD) ............................................................................................. 71
3.3.2 Scanning Electron Microscopy (SEM) ..................................................................................... 71
3.3.3 Dielectric-Temperature Measurement ...................................................................................... 72
3.3.4 Impedance Spectroscopy .......................................................................................................... 72
3.3.5 Ferroelectric Measurements ..................................................................................................... 72
3.3.6 Breakdown Measurements ....................................................................................................... 73
3.3.7 Charge-Discharge Measurements ............................................................................................. 73
3.3.8 Capacitance-Voltage Measurements ........................................................................................ 74
3.4 References........................................................................................................................................ 75
Chapter 4 Ultra-High Energy Storage Performance With Mitigated Polarization Saturation in
Lead-Free Relaxors .................................................................................................................................. 76
4.1 Introduction...................................................................................................................................... 76
4.2 Experimental Section ....................................................................................................................... 77
4.3 Results and Discussion .................................................................................................................... 78
4.3.1 Phase and Microstructure Characterizations............................................................................. 78
4.3.2 Dielectric, Ferroelectric and C-V Characterizations ................................................................. 80
4.3.3 Energy Storage Performance .................................................................................................... 82
4.3.4 Charge-Discharge Characteristics ............................................................................................ 86
4.4 Conclusion ....................................................................................................................................... 87
4.5 References........................................................................................................................................ 87
Chapter 5 Sodium niobate-based relaxors for energy storage applications ........................................ 92

XI

5.1 Introduction...................................................................................................................................... 92
5.2 Experimental Section ....................................................................................................................... 93
5.3 Results and Discussion .................................................................................................................... 94
5.3.1 (Na1-2xBix)(Nb1-xZrx)O3 ceramics by conventional sintering ..................................................... 94
5.3.2 (Na0.84Bi0.08)(Nb0.92Zr0.08)O3 Ceramic with CuO and Ramp-to Spike sintering profile ............ 99
5.4 Conclusion ..................................................................................................................................... 106
5.5 References...................................................................................................................................... 106
Chapter 6 Sodium niobate-based antiferroelectrics ............................................................................ 111
6.1 Introduction.................................................................................................................................... 111
6.2 Experimental Section ..................................................................................................................... 113
6.3 Results and Discussion .................................................................................................................. 114
6.3.1 (1-x)NaNbO3-x(Na0.5Bi0.5)ZrO3 AFE ceramics ...................................................................... 114
6.3.2 (1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3 AFE ceramics ....................................................................... 118
6.4 Conclusion ..................................................................................................................................... 122
6.5 References...................................................................................................................................... 122
Chapter 7 Conclusions and Perspectives .............................................................................................. 128
7.1 Conclusions of this research .......................................................................................................... 128
7.2 Perspectives ................................................................................................................................... 129
7.3 References...................................................................................................................................... 130
Appendix 1 Publications ........................................................................................................................ 132
Appendix 2 Conferences and Activities ................................................................................................ 133
Appendix 3 Scholarships and Awards .................................................................................................. 134

XII

List of Figures
Figure 1.1 Ragone plot of various energy storage devices: solid oxide fuel cells, batteries, electrochemical
capacitors, electrostatic capacitors. Reproduced with permission from Ref. [10]. Copyright (2019) Elsevier.
Figure 2.1 Schematic diagram for calculating energy densities via P-E loop. The shaded area represents
the recoverable energy density and the stripe pattern area represents the dissipated energy density. The sum
of the two areas represents the stored energy density.
Figure 2.2 Schematic illustration of multilayer ceramic capacitors. Reproduced with permission from Ref.
[21]. Copyright (2003) The Japan Society of Applied Physics.
Figure 2.3 P-E loops of various dielectrics: (a) linear dielectrics; (b) ferroelectric; (c) relaxors; (d)
antiferroelectrics. Reproduced with permission from Ref. [4]. Copyright (2019) Elsevier.
Figure 2.4 (a) Perovskite ABO3 with a tetragonal structure. The arrow through the B cation demonstrates
the spontaneous polarization direction. (b) A typical hysteresis loop of ferroelectric and the corresponding
domain reversal. Reproduced with permission from Ref. [13]. Copyright (2013) John Wiley and Sons.
Figure 2.5 (a) Schematic representation of PNRs in relaxors according to the different models. (a) nanosize
polar islands embedded into a cubic matrix in which the symmetry remains unchanged. (b) low-symmetry
nanodomains separated by the domain walls but not by the regions of cubic symmetry. Reproduced with
permission from Ref. [33]. Copyright (2006) Springer.
Figure 2.6 Comparison between the properties of classical ferroelectrics and relaxors. Reproduced with
permission from Ref. [29]. Copyright (2019) IOP Publishing.
Figure 2.7 (a) Energy density of 0.7BaTiO3-0.3BiScO3 MLCC under different temperature and electric
field. Reproduced with permission from Ref. [40]. Copyright (2009) John Wiley and Sons. (b) Resistivity
of (1 – x)(0.6BaTiO3-0.4BiScO3)-x(K0.5Bi0.5)TiO3 ceramics as a function of inverse absolute temperature.
(c) Dielectric permittivity and loss as functions of temperature and frequency for 0.8(0.6BaTiO 30.4BiScO3)-0.2(K0.5Bi0.5)TiO3 ceramics. Reproduced with permission from Ref. [41]. Copyright (2009)
John Wiley and Sons.
Figure 2.8 (a) Unipolar P-E loops of 0.75(Bi0.85Nd0.15)FeO3-0.25BaTiO3+0.1 wt% MnO2 MLCC under
various electric field at room temperature. (b) Temperature dependence of unipolar P-E loops of the MLCC
at 300 kV/cm. (c) W, Wrec and η as functions of electric field at room temperature. (d) W, Wrec and η as
functions of temperature at 300 kV/cm. Reproduced with permission from Ref. [42]. Copyright (2018)
Royal Society of Chemistry.

XIII

Figure 2.9 (a) Tauc plot of (0.67 – x)BiFeO3-0.33BaTiO3-xNaNbO3 and NaNbO3 ceramics. (b) Grain size
(Ga) and bandgap (Eg) as functions of NaNbO3 content. (c) Weibull distribution of the (0.67 – x)BiFeO30.33BaTiO3-xNaNbO3 ceramics and the Weibull characteristic breakdown strength as a function of NaNbO 3
content. (d) Wrec and η as functions of electric field at room temperature for the 0.57BiFeO 3-0.33BaTiO30.1NaNbO3 ceramics. (e) Wrec and η as functions of temperature at 250 kV/cm for the 0.57BiFeO 30.33BaTiO3-0.1NaNbO3 ceramics. Reproduced with permission from Ref. [43]. Copyright (2019) John
Wiley and Sons.
Figure 2.10 (a) Unipolar P-E loops for (1 – x)BaTiO3-xBi(Li0.5Ta0.5)O3 ceramics at room temperature near
their breakdown strengths. Reproduced with permission from Ref. [44]. Copyright (2018) American
Chemical Society. (b) Variation of Pmax and Pr as functions of electric field for 0.85BaTiO30.15Bi(Zn0.5Sn0.5)O3 ceramic. (c) Wrec and η at various temperatures under 150 kV/cm for 0.85BaTiO 30.15Bi(Zn0.5Sn0.5)O3 ceramic. Reproduced with permission from Ref. [45]. Copyright (2018) Royal Society
of Chemistry.
Figure 2.11 (a) P-E and (b) I-E loops of (Sr0.3Bi0.35Na0.335Li0.015)TiO3 ceramic at different electric field.
Reproduced with permission from Ref. [61]. Copyright (2018) Elsevier.
Figure 2.12 (a) Phase diagram of NBT-ST system. Reproduced with permission from Ref. [54]. Copyright
(1974) Taylor and Francis. (b) Phase diagram of NBT-BT system. Reproduced with permission from Ref.
[62]. Copyright (1991) The Japan Society of Applied Physics.
Figure 2.13 (a) P-E loops of 0.93NBT-0.07BT with different Na/Bi ratio. (b) P-E loops of 0.93NBT0.15BT with different Na/Bi ratio. Reproduced with permission from Ref. [70]. Copyright (2011) American
Physical Society.
Figure 2.14 Crystal structure of NaNbO3 in (a) P phase (Pbma) and (b) Q phase (P2 1ma).
Figure 2.15 (a) Temperature dependence of dielectric properties for (Na 0.7Bi0.1)NbO3 ceramic under
various frequencies. (b) Unipolar P-E loops of (Na0.7Bi0.1)NbO3 ceramic under different electric fields. (c)
Wrec and η as functions of temperature of (Na0.7Bi0.1)NbO3 ceramic. (d) Wrec and η as functions of cycle
counts of (Na0.7Bi0.1)NbO3 ceramic. Reproduced with permission from Ref. [86]. Copyright (2019) Royal
Society of Chemistry.
Figure 2.16 (a) The calculated stored energy density (W) and recoverable energy density (Wrec) as functions
of the applied electric field of 0.9(K0.5Na0.5)NbO3-0.1Bi(Mg2/3Nb1/3)O3 ceramic (b) The calculated loss
energy density (Wloss) and energy efficiency (η) as functions of the applied electric field. Reproduced with

XIV

permission from Ref. [105]. Copyright (2017) Royal Society of Chemistry.
Figure 2.17 (a) Antiferroelectric structure of PbZrO3. Arrows represent the direction of shifts of Pb cations.
The solid line shows an orthorhombic unit cell. Reproduced with permission from Ref. [120]. Copyright
(1951) American Physical Society. (b) Double hysteresis loop of PbZrO3 crystal near its Curie temperature.
Reproduced with permission from Ref. [121]. Copyright (1997) Springer. (c) Schematic curves for the free
energies of the three phases of PbZrO3. The free energy of the ferroelectric phase should be lowered by an
electric field, as shown in this figure. Reproduced with permission from Ref. [117]. Copyright (1951)
American Physical Society.
Figure 2.18 Phase diagrams of (a) PbZrO3-PbTiO3 system. Reproduced with permission from Ref. [28].
Copyright (1971) Elsevier. (b) Pb0.97La0.02(Zr,Sn,Ti)O3 system. (c) Pb0.99Nb0.02(Zr,Sn,Ti)0.98O3 system.
Reproduced with permission from Ref. [126]. Copyright (1966) IEEE.
Figure 2.19 P-E loops of (Pb0.97La0.02)(Zr,Sn,Ti) ceramics (a) with different Zr/Sn ratio; (b) with different
Zr/Ti ratio. Reproduced with permission from Ref. [134]. Copyright (2014) World Scientific Publishing
Co., Inc.
Figure 2.20 Unipolar P-E loops and I-E loops for (a) Pb(Yb1/2Nb1/2)O3. (b) 0.92Pb(Yb1/2Nb1/2)O30.08PbTiO3. (c) (Pb0.97La0.02)[(Yb1/2Nb1/2)0.92Ti0.08)]O3 ceramics. Reproduced with permission from Ref.
[140]. Copyright (2019) Elsevier.
Figure 2.21 (a) Phase diagram of Ag(Nb1−xTax)O3 ceramics determined from dielectric-temperature curves
(b) Weibull plots of dielectric breakdown strength for Ag(Nb1−xTax)O3 ceramics. (c) Temperature stability
of energy storage properties for Ag(Nb0.85Ta0.15)O3 ceramic. Reproduced with permission from Ref. [155].
Copyright (2017) John Wiley and Sons.
Figure 2.22 Grain size dependence of the phase-transition temperatures of NaNbO3 ceramics as determined
by DSC (peak maximum) and dielectric measurements upon heating. The transition temperatures for
samples exhibiting two polymorphs are marked with two symbols, where the full symbols correspond to
the phase transition of the majority phase, while the empty symbols correspond to one of the minority
phases. The dotted line represents the critical grain size of 0.27 mm, determined by NMR and grain-size
distribution analysis. Reproduced with permission from Ref. [164]. Copyright (2017) Elsevier.
Figure 2.23 Impact factors on breakdown strength of dielectrics. (a) permittivity. (b) porosity. (c) grain
size. (d) thickness. Reproduced with permission from Ref. [4]. Copyright (2019) Elsevier.
Figure 2.24 Dielectric loss-temperature spectroscopy of a ferroelectric dielectric.

XV

Figure 2.25 (a) Schematic illustration of two P-E curves with early (red line) and delayed (blue line)
polarization saturation.
Figure 2.26 (a) Schematic diagram of energy storage properties for antiferroelectric and relaxor
antiferroelectric materials. (b) Wrec and η as functions of the applied electric field for 0.55(Na 0.5Bi0.5)TiO30.45(Sr0.7Bi0.2)TiO3 MLCC. Reproduced with permission from Ref. [7]. Copyright (2018) John Wiley and
Sons.
Figure 2.27 Temperature stability of permittivity for the dielectrics with (blue line) and without core-shell
structure (red line).
Figure 3.1 (a) Schematic illustration of capacitor charge-discharge circuit. (b) The current passed through
the load resistor RL and the calculated discharged energy density as functions of time. The discharge peak
current Ipeak denotes the maximum current during the discharge process. The discharge time t0.9 denotes the
time required for the discharged energy density to reach 90% of the final value from the discharge profile.
Figure 4.1 (a) XRD patterns of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics. (b) The enlarged (200) peaks of the
ceramics. (c) The calculated lattice parameter a as a function of the Sn4+ concentration.
Figure 4.2 SEM images of fracture surfaces for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics. (a) x = 0. (b) x =
5%. (c) x = 10%. (d) x = 15%. (e) x = 20%. (f) x = 25%.
Figure 4.3 Temperature dependence of the permittivity and dielectric loss of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3
ceramics measured at frequencies from 100 Hz to 1 MHz. (a) x = 0. (b) x = 5%. (c) x = 10%. (d) x = 15%.
(e) x = 20%. (f) x = 25%.
Figure 4.4 (a) The P–E loops of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics at the electric field of 150 kV/cm.
(b) The change in the normalized Pmax for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics as a function of electric
field. The Pmax values are normalized to the Pmax values at 100 kV/cm for each ceramic. (c) The change in
the normalized permittivity for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics with respect to the electric field. The
permittivities are normalized to the values at zero electric field for each ceramic.
Figure 4.5 (a) Weibull distribution of breakdown strength for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics at
room temperature. (b) The corresponding Weibull characteristic BDS values of the ceramics.
Figure 4.6 (a) Unipolar P–E loops of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics at the electric fields just prior
to their corresponding BDSs. (b) P-E loops of Sn20 ceramic at various electric fields. The inset shows the
electric field dependence of the maximum polarization (Pmax), the remnant polarization (Pr), and their
difference ΔP. (c) The stored energy density (W), recoverable energy density (Wr), and energy efficiency

XVI

(η) for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics as functions of electric field. (d) Comparison of Wrec and η
between some reported lead-free ceramics and Sn20.
Figure 4.7 (a) P-E loops at 150 kV/cm and over the temperature range from of -20 °C to 150 °C. (b) P-E
loops at 150 kV/cm after various cycles. (c)Wrec and η at 150 kV/cm as functions of temperature. (d) Wrec
and η at 150 kV/cm for Sn20 as functions of cycle number up to10 5.
Figure 4.8 The discharged energy density as a function of time for the Sn20 capacitor. The applied electric
field is 200 kV/cm, and the load resistor is 2 kΩ. The discharge time t0.9 is the time at which 90% of the
stored energy in the capacitor has been discharged to the load resistor.
Figure 5.1 (a) XRD patterns of (Na1-2xBix)(Nb1-xZrx)O3 ceramics. The arrows indicate the superlattice
diffraction peaks. (b) The enlarge (211) peaks for (Na1-2xBix)(Nb1-xZrx)O3 ceramics in pseudocubic unit cell.
Figure 5.2 SEM images of (Na1-2xBix)(Nb1-xZrx)O3 (BZ100x) ceramics. The average grain sizes is given
along with the sample names.
Figure 5.3 Temperature dependence of the permittivity and dielectric loss of (Na1-2xBix)(Nb1-xZrx)O3
(BZ100x) ceramics measured at frequencies from 100 Hz to 1 MHz. (a) x = 4%. (b) x = 6%. (c) x = 8%. (d)
x = 10%.
Figure 5.4 (a) P-E loops at 200 kV/cm of (Na1-2xBix)(Nb1-xZrx)O3 (BZ100x) ceramics. (b) The electric field
dependence of Pmax and dPmax/dE for BZ6 ceramic. (c) The electric field dependence of Pmax and dPmax/dE
for BZ8 and BZ10 ceramics. (d) The P-E loops of BZ8 at various electric fields. The inset shows the Wrec
and η as functions of the electric field.
Figure 5.5 Schematic illustrations of the sintering temperature profiles for conventional sintering and
Ramp-to-Spike.
Figure 5.6 (a) The XRD patterns of the BZ8 ceramics sintered with conventional sintering (BZ8-CS) and
with 0.5 wt% CuO and Ramp-to-Spike sintering (BZ8-CuO-RS1150). (b) The SEM images of BZ8-CS and
BZ8-CuO-RS1150. The average grain sizes are given along with the sample names. (c) Temperature
dependence of the permittivity and dielectric loss of BZ8-CS and BZ8-CuO-RS1150 ceramics measured at
frequencies from 100 Hz to 1 MHz.
Figure 5.7 Weibull distributions of the breakdown strength (BDS) for BZ8-CS and BZ8-CuO-RS1150
ceramics with the thickness of 100 μm. The Weibull characteristic BDSs (Eb) and the Weibull moduli (m)
of the two ceramics are given along with the fitting lines.
Figure 5.8 (a) Complex impedance spectra of BZ8-CS and BZ8-CuO-RS1150 ceramics. (b) The Arrhenius
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plot of the temperature dependence of conductivities for BZ8-CS and BZ8-CuO-RS1150 ceramics. The
activation energy of conduction (Ea) for each ceramic is given along with the data points..
Figure 5.9 (a) The P-E loops of BZ8-CuO-RS1150 ceramic at various electric fields. The inset shows the
variations of Pmax and Pr as functions of the electric field. (b) The variations of W, Wrec, and η of BZ8-CuORS1150 ceramic as functions of the electric field.
Figure 5.10 (a) The P-E loops of BZ8-CuO-RS1150 ceramic at 150 kV/cm over the temperature range of
25 °C to 125 °C. (b) The variations of Wrec and η at 150 kV/cm of BZ8-CuO-RS1150 ceramic as functions
of the temperature. (c) The P-E loops of BZ8-CuO-RS1150 ceramic at 200 kV/cm after various cycles. (d)
The variations of Wrec and η at 200 kV/cm of BZ8-CuO-RS1150 ceramic as cycle number.
Figure 5.11 The discharged energy density (Wdis) as a function of time for BZ8-CuO-RS1150 ceramic at
various electric field. The load resistor is 2 kΩ. The t0.9 values are around 0.8 μs for the discharge curves at
various electric fields.
Figure 6.1 (a) XRD patterns of NN-100xNBZ ceramics. The arrows indicate the superlattice diffraction
peaks. (b)(c) The enlarge peaks for NN-100xNBZ ceramics in pseudocubic unit cell: (b) (200) pc peaks; (c)
(210)pc peaks.
Figure 6.2 SEM images of the polished and thermally etched surfaces of the NN-100xNBZ ceramics.
Figure 6.3 Temperature dependence of the permittivity and dielectric loss of NN-100xNBZ ceramics
measured at frequencies from 100 Hz to 1 MHz. (a) x = 2%. (b) x = 4%. (c) x = 6%. (d) x = 8%. (e) x =
10%. (f) x = 15%.
Figure 6.4 Variation of the dielectric maxima temperature (Tmax) as a function of the NBZ concentration.
Figure 6.5 P-E loops at various electric fields for NN-100xNBZ ceramics at room temperature and 10 Hz.
(a) x = 2%. (b) x = 4%. (c) x = 6%. (d) x = 8%. (e) x = 10%. (f) x = 15%.
Figure 6.6 (a) P-E loops at 280 kV/cm for NN-6NBZ, NN-8NBZ, and NN-10NBZ ceramics. (b) The
variation of Pmax as a function of electric field for NN-100xNBZ ceramics. (c) Variations of the tolerance
factor (t) and the average electronegativity (X) of NN-100xNBZ ceramics as functions of the NBZ
concentration.
Figure 6.7 (a) XRD patterns of NN-xBZZ ceramics. The stars indicate the secondary phase
Bi2(Zn1/3Nb2/3)2O7. (b)(c) Enlargement of peaks for NN-xBZZ ceramics in the pseudocubic unit cell: (b)
(200)pc peaks; (c) (210)pc peaks.
Figure 6.8 SEM images of the polished and thermally etched surfaces of NN-xNZZ ceramics.
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Figure 6.9 (a)-(e) Temperature dependence of the permittivity and dielectric loss of NN-xBZZ ceramics
measured at frequencies from 100 Hz to 1 MHz: (a) x = 2%; (b) x = 4%; (c) x = 6%; (d) x = 8%; (e) x =
10%. (f) The variation of Tmax as a function of the BZZ concentration in the range of 2% – 6%.
Figure 6.10 P-E loops at various electric fields for NN-xBZZ ceramics at room temperature and 10 Hz. (a)
x = 2%. (b) x = 4%. (c) x = 6%. (d) x = 8%. (e) x = 10%.
Figure 6.11 (a) P-E loops at 200 kV/cm for NN-4BZZ, NN-6BZZ, and NN-8BZZ ceramics. (b) The
variation of Pmax as a function of electric field for NN-100xBZZ ceramics. (c) Variations of the tolerance
factor (t) and the average electronegativity (X) of NN-100xBZZ ceramics as functions of the BZZ
concentration.
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Chapter 1 Introduction
1.1 Research Background and Motivation
As the population grows and its economy develops, the energy consumption of the whole world increases
rapidly. The world’s total final consumption more than doubled from 1973 to 2016. Although the energy
generated from non-renewable energy sources (such as coal, oil, and nature gas) is still dominant, the energy
generated from clean and renewable sources (such as hydro, solar, and wind) is increasing rapidly [1]. The
energy generated by the renewable sources can rarely provide an immediate response to energy demand,
however, because they fluctuate independently from the demand [2]. Therefore, it is reasonable to convert,
transmit, and store the collected energy from the renewable sources in the form of electricity. Benefiting
from the development of energy storage technologies, various energy storage devices (ESDs) such as
batteries, solid oxide fuel cells (SOFCs), supercapacitors, and electrostatic capacitors are deployed on a
large scale and/or are being intensively researched [3].
A Ragone plot, which is plotted on an energy-power plane, is usually used to compare and evaluate the
performances of different ESDs. In general, batteries and SOFCs exhibit high energy density but low power
density, while the supercapacitors and electrostatic capacitors show the opposite characteristics, as shown
in Figure 1.1. Batteries are high-efficient and compact ESDs, offering the convenience and portability by
delivering electrical energy by releasing the stored chemical energy via electrochemical reactions [3, 4].
The Li-ion batteries have changed daily life dramatically since they were commercialized in the 1990s.
Although the energy density of batteries is high, their power density is relatively low. This relates to the
nature of electrochemical reactions, where the rates of interfacial charge transfer reactions and mass
transport through the battery components govern the output power [3]. According to the Ragone plot,
SOFCs possess even higher energy density than batteries, but they also depend on electrochemical reactions
to deliver the energy, which leads to a low power density. In addition, to achieve high ionic conductivity in
the solid electrolyte, the SOFC must operate at elevated temperature (800 – 1000 °C) [5]. On the other
hand, the supercapacitors lie between batteries and electrostatic capacitors in the Ragone plot. Unlike most
electromechanical ESDs, with power densities that are usually low, supercapacitors exhibit much higher
power density, because the diffusion lengths of charge-carrying ionic species are significantly shorter (on
the order of nanometers) [3]. In addition to their relatively high power density, another advantage of
supercapacitors is their long lifetime (> 105 cycles) [6]. The disadvantages of supercapacitors include a high
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Figure 1.1 Ragone plot of various energy storage devices: solid oxide fuel cells, batteries, electrochemical
capacitors, electrostatic capacitors. Reproduced with permission from Ref. [10]. Copyright (2019)
Elsevier.
self-discharge rate, however, as well as a high capital cost and low operating voltage, which make them
unsuitable for large-scale energy storage systems [6].
Electrostatic capacitors, also known as dielectric capacitors, possess rather high power density (up to 107
W/kg) among the various ESDs. A typical parallel-plate dielectric capacitor consists of two electrodes with
a dielectric layer between them. The dielectric material can be air, polymer, ceramic, glass, etc. [7]. By
applying an external electric field, the dielectric is polarized and the charges are bound on the surface of
the dielectric layer. As a result, the electrical energy is stored electrostatically. This characteristic endows
electrostatic capacitors with a high power density, because the bound charges and the stored energy can be
released in a very short time period (milliseconds to nanoseconds, depending on the device structure). In
addition to their high power density, electrostatic capacitors also have long cycling lifetime and low cost,
enabling them to be ubiquitously used in our daily life. Electrostatic capacitors have been widely employed
in high-power and pulsed-power applications such as switched-mode power supplies, hybrid electric
vehicles, high-speed trains, etc. The main disadvantage of capacitors is their low energy density, as shown
in Figure 1.1. Their low energy density prevents the traditional electrostatic capacitors from being
miniaturized applications. For example, capacitors accounts for ~40% of the volume and weight of an
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inverter/converter [8]. If the energy density of electrostatic capacitors could be enhanced to a comparable
level to supercapacitors, the application range of the electrostatic capacitors in the energy storage field
would be greatly expanded [9].
Polymers and ceramics are mainstream dielectric materials dominating the electrostatic capacitor market
[10]. Polymers featuring low permittivity and high breakdown strength (BDS) are usually fabricated in thin
film form and are stacked/wound with metal in between to improve the volumetric capacitance. On the
other hand, ceramics have the opposite characteristics, that is, high permittivity and low BDS. For highcapacitance ceramic capacitors, the dielectric layers and metal layers are stacked alternatively to form the
so-called multilayer ceramic capacitors (MLCCs) [11]. Currently, most of the commercial MLCCs are
based on ceramics with perovskite structures, such as BaTiO3 and CaZrO3 with medium or low permittivity.
Some high-capacitance MLCCs also use lead-containing perovskite ceramics, which possess high
permittivity. Lead is a toxic element, however, and is harmful for human health and the environment. Some
regulations such as the Waste Electrical and Electronic Equipment (WEEE) Directive and the Restriction
of Hazardous Substances (RoHS) Directive in the European Union, were adopted to restrict the usage of
lead in electronic and electrical equipment. Therefore, lead-free ceramic dielectrics with high permittivity
are in high demand. Bismuth-containing perovskite ceramics are promising candidates for energy storage
applications because Bi3+ and Pb2+ have similar electronic configurations, so Bi-containing ceramics are
expected to possess high permittivity [12].
Among the various kinds of dielectrics, relaxor ferroelectrics (relaxors) and antiferroelectrics (AFEs) are
considered as the most promising candidates for energy storage applications. Relaxors possess high
permittivity and medium BDS, enabling high energy density. Their slim polarization-electric field (P-E)
loops lead to high energy efficiency, which is desirable for energy storage applications. The actively studied
lead-free relaxor ceramics include BaTiO3-based, (Na0.5Bi0.5)TiO3-based, BiFeO3-based materials, etc. [10].
On the other hand, AFEs, which feature double hysteresis P-E loops can deliver more energy than other
dielectrics under identical polarization and applied electric field conditions. Most of the AFE ceramics with
double hysteresis loops are based on PbZrO3, which contains the toxic element lead and is expected to be
replaced by lead-free alternatives. Recently, some lead-free AFE ceramics were developed for energy
storage applications, such as AgNbO3 and NaNbO3 [10].
Since the usage of lead in electronic and electrical equipment is restricted by many countries, this work
has the aim of synthesizing and characterizing potential lead-free relaxor and AFE ceramics for electrostatic
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capacitors with outstanding energy storage properties. This work is mainly focused on bismuth-containing
perovskite ceramics due to the similar electronic configurations of Pb2+ and Bi3+. Although the relaxors
featuring high permittivity and slim P-E loops, the polarization is usually saturated at the electric field far
below the corresponding BDS, which significantly restrict the achievable energy density. To overcome this
problem, Sn4+ cations were used to substitute parts of Ti4+ cations in 0.5(Na0.5Bi0.5)TiO3-0.5SrTiO3 to
reduce the permittivity tunability. Consequently, the polarization saturation was mitigated and energy
storage properties were improved. On the other hand, NaNbO3 is among the handful kinds of lead-free
AFEs. The AFE characteristic double P-E loops, however, are rarely observed in NaNbO3-based dielectrics
due to the metastable ferroelectric phase induced by electric field and/or impurities. Another method to
improve the energy storage properties of NaNbO3-based ceramics is transforming them to relaxors. In this
work, Bi3+, Zr4+ and A-site vacancies were introduced into NaNbO3 lattice to enhance the relaxor
characteristics. As a result, ultra-slim P-E loops with excellent energy storage properties were obtained in
the modified NaNbO3 ceramic. Guided by the tolerance factor effect on the AFE phase stability, two
perovskite endmember (Na0.5Bi0.5)ZrO3 and Bi(Zn0.5Zr0.5)O3 both with small tolerance factor than NaNbO3,
were used to form solid solution with NaNbO3 to stabilize the AFE phase. The double hysteresis loops were
successfully observed in these solid solutions. The energy storage density is low due to the non-zero
remnant polarization. Future work is needed to improve the energy storage performance.

1.2 Thesis Structure
The thesis consists of seven chapters. A brief description of each chapter’s content is outlined below:
Chapter 1 introduces the research background and motivation, as well as the thesis structure.
Chapter 2 reviews the previously studied dielectric ceramics for energy storage applications. Special
attentions are paid on lead-free relaxor ferroelectric (FE) and AFE ceramics.
Chapter 3 presents the synthesis methods used in the fabrication of the bismuth-containing relaxor FE
and AFE ceramics. In addition, various structural, morphological, and electrical characterization techniques
that have been utilized in this research are discussed.
Chapter 4 presents Sn-modified (Na0.5Bi0.5)TiO3-SrTiO3 relaxor FE ceramics with high energy storage
properties achieved by mitigating their polarization saturation.
Chapter 5 focuses on a NaNbO3-based relaxor with deliberately introduced vacancies and their energy
storage properties. The effects of vacancies on different sites are studied comparatively.
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Chapter 6 presents structural and electrical studies on the NaNbO3-based AFE ceramics.
Chapter 7 summarizes the thesis research, discussing the challenges and perspectives of lead-free relaxor
FE and AFE ceramics for energy storage applications.
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Chapter 2 Literature Review
2.1 Principles of Electrostatic Capacitors
Electrostatic capacitors (capacitors) are used widely in our daily life. The simple capacitor structure
consists of two metal electrodes and a dielectric layer in between them [1]. On applying a voltage to a
capacitor, the dielectric is polarized, and induced charges are accumulated on the two surfaces of the
dielectric layer. The charges on the two surfaces are of the same magnitude but have opposite signs.
Therefore, the energy is stored electrostatically in the capacitor. The energy-storage capability of the
capacitor is characterized by capacitance (C):
𝐶=

𝜀0 𝜀𝑟 𝐴
𝑑

(2.1)

where ε0 ≈ 8.85 × 10-12 F/m is the dielectric permittivity of vacuum, εr is the relative permittivity of the
dielectric, A is the area overlapped between the two opposite electrodes, and d is the thickness of the
dielectric. Obviously, the capacitance of a capacitor depends on the intrinsic permittivity of the dielectric
and the dimensions of the capacitor. The stored energy (J) in the capacitor is related to the capacitance of
the capacitor and the applied voltage (V):
𝐽=

1 2
𝐶𝑉
2

(2.2).

It is worth noting that this equation is based on the assumption that the capacitance is independent of the
applied voltage. In real capacitors, the capacitance values, especially for the nonlinear ferroelectric
dielectrics, usually vary as the voltage changes, so the stored energy may not always be equal to the value
calculated by Equation (2.2) [2].
Since the capacitance and the stored energy of different capacitors depend on their dimensions, for
characterizing and comparing the energy-storage capability of different dielectrics, the energy density (W)
is always used. Considering the charging process in a capacitor, the energy density can be expressed by:
𝑄𝑚𝑎𝑥

𝑊=

∫0

𝑉𝑑𝑞

𝐴𝑑

𝐷𝑚𝑎𝑥

=∫

𝐸𝑑𝐷

(2.3)

0

where Qmax is the maximum charge when the charging process is finished, dq is the increment of charge in
the charging process, D is the electric displacement of the dielectric, and E is the electric field. For highpermittivity dielectrics, D (D = ε0εrE) is close to the polarization P (P = D - ε0E = ε0(εr - 1)E). Equation
(2.3) can the be rewritten as:
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𝑃𝑚𝑎𝑥

𝐸𝑚𝑎𝑥

𝑊=∫

𝐸𝑑𝑃 = ∫

0

0

𝜀0 𝜀𝑟 𝐸𝑑𝐸.

(2.4)

In the case of linear dielectrics with permittivity that is independent of the applied electric field, the
maximum energy density (Wlinear, max) is as follows:
𝑊𝑙𝑖𝑛𝑒𝑎𝑟,𝑚𝑎𝑥 =

1
2
𝜀 𝜀 𝐸
2 0 𝑟 𝑚𝑎𝑥

(2.5)

that is, the maximum energy density of a linear dielectric relies on the permittivity of the dielectric and the
maximum applied electric field, or breakdown strength (BDS). It can also be deduced that, in order to
increase the Wlinear, max, enhancing the BDS is the most efficient way, due to the parabolic relationship
between the two parameters. Although this deduction is based on the assumption of field-independent
permittivity, it is also valid for many nonlinear dielectrics [3, 4].
In general cases, the energy density can be calculated from the P-E loop by integrating the area between
the P-E curve and the polarization axis, as illustrated in Figure 2.1. The arrows show the charging (E from
0 to Emax) and discharging (E from Emax to 0) processes. The total stored energy density in the charging
process is represented by the summation of the shaded area and the stripe pattern area. In the discharging
process, only the energy density represented by the shaded area can be released, and this part of the energy
density is called the recoverable energy density (Wrec). The difference between the stored energy density
and the recoverable energy density is the dissipated energy density (Wloss). The dissipated energy arises
from various loss mechanisms in the dielectrics such as leakage current and domain reversals [4]. Since not
all the stored energy can be released in the discharging process, the energy efficiency parameter (η), which
characterizes how much energy is recoverable is of vital importance for electrostatic capacitors. The energy
efficiency is defined as the ratio between Wrec and W:
𝜂=

𝑊𝑟𝑒𝑐
𝑊𝑟𝑒𝑐
=
.
𝑊
𝑊𝑟𝑒𝑐 + 𝑊𝑙𝑜𝑠𝑠

(2.6)

Obviously, high energy efficiency is always desirable in practical applications. This is not only because
low energy efficiency of the capacitors would decrease the efficiency of the whole system, but also because
the dissipated energy is in the form of heat, which would affect the stability and reliability of the whole
system.
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Figure 2.1 Schematic diagram for calculating energy densities via P-E loop. The shaded area represents
the recoverable energy density and the stripe pattern area represents the dissipated energy density. The
sum of the two areas represents the stored energy density.

The discharge energy density can also be obtained by a charge-discharge measurement using a resistorcapacitor (RC) circuit [5]. The brief procedure of the measurement is as follows: the capacitor is charged
first, then the stored charges in the capacitor are released to a load resistor (RL), the current passing through
the resistor (I(t)) is recorded, and then the discharge energy density can be calculated via:
𝑊𝑑𝑖𝑠 =

∫ 𝑅𝐿 𝐼 2 (𝑡)𝑑𝑡
𝐴𝑑

(2.7)

where the product Ad is the volume of the capacitor. It should be noted that the Wdis value obtained from
the charge-discharge measurement is usually lower than the Wrec value obtained from the P-E loop [4, 6-8].
This can be explained by the different mechanisms of the dynamic charge–discharge measurements and the
quasi-static P–E measurements. In the charge–discharge measurements, the discharge process occurs on
the microsecond or nanosecond scale, while the P–E loops are usually measured under low frequency (1–
100 Hz) and on the millisecond scale [8, 9]. More details on charge-discharge measurements will be
provided in Chapter 3.
The energy density of capacitors characterizes the energy storage capability, while the power density
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measures the “speed” of energy storage/release processes. The maximum delivered power density (Ppow)
can be calculated by [10]:
𝑃𝑝𝑜𝑤 =

2
𝜋𝑓𝜀0 𝜀𝑟 𝐸𝑚𝑎𝑥
2𝑡𝑎𝑛𝛿

(2.8)

where f is the frequency, and tanδ is the dielectric loss tangent. Unlike the energy density, the power density
depends on the frequency and the dielectric loss, which also varies with frequency. From Equation (2.8) we
can see that low dielectric loss is beneficial for achieving high power density. Low dielectric loss is also
helpful for obtaining a high recoverable energy density, since low dielectric loss corresponds to high energy
efficiency, i.e., less energy dissipation.
In practical applications, the multilayer structure is usually adopted, in which the dielectric layers and
metal layers are stacked alternatively to form multilayer ceramic capacitors (MLCCs) with higher
volumetric capacitance [11]. A schematic illustration of a MLCC is shown in Figure 2.2. An MLCC is
equivalent to many single-layer capacitors connected in parallel, and the thickness of each single dielectric

Figure 2.2 Schematic illustration of multilayer ceramic capacitors. Reproduced with permission from
Ref. [21]. Copyright (2003) The Japan Society of Applied Physics..
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layer is on the micron or submicron scale [11]. In general, the MLCCs can withstand much higher electric
field than bulk ceramic capacitors, because the BDS of ceramics has a negative correlation with the
thickness of the dielectric layer, which will be discussed in Section 2.3.

2.2 Classification of Dielectrics
Based on the P-E loop shape, the dielectrics can be classified into four categories: linear dielectrics,
ferroelectrics (FEs), relaxor ferroelectrics (relaxors), and antiferroelectrics (AFEs) [4, 5, 12]. The P-E loops
of these dielectrics are shown in Figure 2.3. The shaded and hatched areas represent the recoverable energy
density and the dissipated energy density, respectively. The total area of the two parts corresponds to the
stored energy density in the charging process. Among the four dielectrics, ferroelectrics are not suitable for
energy storage applications due to their large hysteresis and the associated low Wrec and η [4, 12]. Therefore,
the following review is focused on the other three dielectrics.

2.2.1 Linear Dielectrics
The “linear” in the name means that the polarization of ideal linear dielectrics varies linearly with the
applied electric field, so that their P-E relationship is a straight line in a P-E plot, as shown in Figure 2.3(a).
Because the slope of the P-E curve can be used to calculate the effective permittivity (εeff) of the dielectric
(P = ε0(εeff - 1)E), the εeff of an ideal linear dielectric is field-independent, and hence, Equation (2.5) is valid
for ideal linear dielectrics. The energy efficiency of ideal linear dielectrics should be 100%, which is
desirable for energy storage applications. Various defects such as grain boundaries and impurities with
associated conduction exist in real linear dielectrics, however, so the P-E loops of real linear dielectrics are
sometime hysteretic [3, 4]. For example, at low electric field, the injected charges are trapped in linear
polycrystalline ceramics, while at high electric field, the localized charges are de-trapped and contribute to
conduction, leading to an enhanced leakage current and hysteretic P-E loop [13, 14].
Most simple metal oxides (Al2O3, MgO, ZrO2, etc.) and some perovskites (CaTiO3, BaZrO3, CaHfO3,
etc.) belong to the class of linear dielectrics. The permittivity of linear dielectrics is usually low, because
no permanent dipole moments exist in linear dielectrics [15]. The lack of orientational polarization also
results in low dielectric loss below infrared frequencies. In addition, their BDSs are usually high, which
relates to the universal negative correlation between permittivity and BDS [16, 17]. The factors affecting
the BDS of ceramics will be discussed in Section 2.3. Due to these characteristics, only at high electric field
can the energy density of linear dielectrics reach a competitive level. Because the breakdown of ceramic
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Figure 2.3 P-E loops of various dielectrics: (a) linear dielectrics; (b) ferroelectric; (c) relaxors; (d)
antiferroelectrics. Reproduced with permission from Ref. [4]. Copyright (2019) Elsevier.
capacitors usually involves a short-circuit and is catastrophic, operating linear ceramic capacitors at high
electric field raises safety concerns about the capacitor and the whole system. If a large margin of safety is
set when using linear ceramic capacitors, the energy density will be relatively low.
Many studies on linear dielectrics with perovskite structure are based on CaTiO3 because of its high
permittivity and low loss [18]. It is hard to reach a high density with CaTiO3 ceramics by conventional
sintering (CS). By employing spark plasma sintering (SPS), the relative density of CaTiO 3 ceramics was
improved from 97% to 99% with fine and uniform microstructures [18]. As a result, the electrical
conductivity was reduced, and the thermal conductivity was increased, both of which contributed to the
enhanced BDS of the SPS CaTiO3 ceramics. It is interesting to note that, with the introduction of amorphous
Al2O3 layers as charge barriers between the SPS ceramic surfaces and the metal electrodes, the BDS was
improved further to 1188 kV/cm. The energy density of the SPS CaTiO3 ceramics with amorphous Al2O3
layers was 11.8 J/cm3 [18]. It should be noted that the reported energy density was calculated based on
Equation (2.5) instead of the real P-E loop, so the energy density may be overestimated. Luo et al. studied
(1 - x)CaTiO3-xBiScO3 solid solutions and found that the permittivity increased when x was less than 20%
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[19]. The enhanced permittivity was attributed to the high polarizability of Bi3+ cations and the
hybridization between O 2p and Bi 6s orbitals. Furthermore, the band gap of the solid solution was enlarged
via the hybridization between Sc 3d and O 2p orbitals in the high conduction band, which may be the
microscopic origin of the enhanced dielectric properties. The maximum Wrec was achieved in 0.9CaTiO30.1BiScO3 ceramics at 270 kV/cm, which was 1.55 J/cm3 with a high energy efficiency of 90.4% [19].
CaZrO3 is another widely studied linear dielectric for energy storage. Xu et al. reported a CaZrO3-based
linear dielectric with excellent high-temperature performance [20]. The CaZrO3-based ceramics had a
superior resistance to reduction, so that this ceramic could be co-fired with base metal electrodes (BMEs)
such as Ni and Cu when fabricating MLCCs [11, 21]. The CaZrO3-based BME MLCCs exhibited extremely
flat dielectric behavior over the temperature range from -55 °C to 200 °C, with and without dc bias. The
energy density-electric field curves at room temperature and 250 °C almost coincided, indicating the great
potential for high-temperature applications [20]. Lee et al. reported that 0.8CaZrO3-0.2CaTiO3 MLCCs
exhibited a high energy density of 4 J/cm3 at 1500 kV/cm and above 200 °C [22]. The effect of the CaTiO3
content was to enhance polarizability and permittivity. Shay et al. reported Mn-doped 0.8CaTiO30.2CaHfO3 ceramics for high-energy-density, high-temperature capacitors [23]. The aim of introducing the
end member is to benefit from the high band gap of CaHfO3 (6.4 eV), which is beneficial for reducing
leakage current at high electric field and elevated temperature. On the other hand, MnO2 is a sintering aid
that is commonly used to increase density and improve high-temperature performance. The undoped
0.8CaTiO3-0.2CaHfO3 ceramic showed a high room-temperature energy density of 9 J/cm3 at 1200 kV/cm,
but the energy density decreased rapidly as the temperature increased. After adding 0.5% MnO2, the energy
density at room temperature was 9.6 J/cm3 at 1300 kV/cm, which was retained up to 200 °C. Based on the
measurements of current-voltage curves and impedance spectroscopy, the authors concluded that the Mn
addition reduced the leakage current and increased the activation energy for conduction, leading to the
enhanced high-temperature performance [23].
In general, linear dielectrics featuring low permittivity and high BDS are not suitable for energy storage
applications operated at low voltage. Some linear dielectrics possess excellent high-temperature
performance, such as maintaining high energy density over a wide temperature range, which means that
they are potential candidates for high-temperature applications.

2.2.2 Relaxor Dielectrics
Unlike linear dielectrics, FEs contain orientational polarizations or ferroelectric domains. A schematic
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of a perovskite (ABO3) unit cell is shown in Figure 2.4(a). The arrow through the B cation shows the
spontaneous polarization direction. As a result, the permittivity of FEs is usually high (> 1000). The
functional definition of FEs is polar materials with switchable spontaneous polarization [24-27]. The polar
phase exists below the Curie temperature (TC), above which, the FEs transform into nonpolar paraelectric
phase. The FEs can reach a high polarization at a relatively low electric field due to their high permittivity.
The hysteresis of the FEs’ P-E loops is usually large, however, leading to low Wrec and η, as shown in
Figure 2.3(b). This is mainly related to the domain structure, which is a result of minimizing the total free
energy [28]. The evolution of domain structure with electric field is shown in Figure 2.4(b) [13]. As the
applied electric field increases, the randomly orientated domains are forced to align to the external electric
field (from point A to point B). After most of the domains are aligned to or near the electric field (point C),
the polarization is saturated and the contributions of domains to the permittivity decreases. When the
electric field starts to decrease, the aligned domains try to switch back to their initial states, but it is a
sluggish process. Therefore, when the electric field is reduced to zero, not all domains have switched back,
and a remnant polarization (Pr) exists (point D). As a result, most of the stored energy cannot be released.
This characteristic makes FEs unsuitable for energy storage applications. Nevertheless, specially designed
FEs are broadly used in piezoelectric, electro-optic, and random access memory applications, to name a
few [25, 26].
When two or more cations with different valences and ionic radii occupy the same crystallographic sites,

Figure 2.4 (a) Perovskite ABO3 with a tetragonal structure. The arrow through the B cation
demonstrates the spontaneous polarization direction. (b) A typical hysteresis loop of ferroelectric and
the corresponding domain reversal. Reproduced with permission from Ref. [13]. Copyright (2013) John
Wiley and Sons.
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the long-range ordered domain structure in FEs may be disrupted, and short-range ordered polar regions,
or polar nanoregions (PNRs), appear [29-32]. Schematics representation of PNRs according to the different
models are shown in Figure 2.5 [33]. Dielectrics of this type are called relaxor ferroelectrics (relaxors) [34].
The microscopic origins of PNRs are related to the structural and charge heterogeneities arising from the
different cations on the same crystallographic sites [30]. The PNRs are highly dynamic and respond quickly
to a varied external electric field, leading to a significantly reduced Pr and slim P-E loops, as shown in
Figure 2.3(c). The properties of normal FEs and relaxors are compared in Figure 2.6 [29]. In addition to the
slim P-E loop, the relaxors exhibit a broad phase transition peak instead of the sharp peak found for FEs.
The high permittivity of relaxors can thus be maintained over a wide temperature range, which is favorable
for the temperature stability of their energy storage performance. The phase transition peaks are frequencydependent, which is another characteristic of relaxors. The temperature corresponding to the maximum
permittivity (Tm) versus frequency can be fitted by the Vogel-Fulcher law:
𝑓 = 𝑓0 [

𝐸𝑎

]
𝑘𝐵 (𝑇𝑚 − 𝑇𝑓 )

(2.9)

where f0 is the attempt frequency, Ea is an activation energy for relaxation, kB is the Boltzmann constant,
and Tf is the freezing temperature that characterizes the dynamics of PNRs [30]. Above Tf, the dipole
moments of the PNRs are weakly correlated and free to reorient. The relaxors in this state is called ergodic

Figure 2.5 (a) Schematic representation of PNRs in relaxors according to the different models. (a)
nanosize polar islands embedded into a cubic matrix in which the symmetry remains unchanged. (b)
low-symmetry nanodomains separated by the domain walls but not by the regions of cubic symmetry.
Reproduced with permission from Ref. [33]. Copyright (2006) Springer.
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Figure 2.6 Comparison between the properties of classical ferroelectrics and relaxors. Reproduced with
permission from Ref. [29]. Copyright (2019) IOP Publishing.
relaxors. Below Tf, the correlation of the PNRs becomes stronger, and their dynamics slows down. Relaxors
in this state are often called nonergodic relaxors. The PNRs in the nonergodic state may grow into
macroscopic domains under high electric field, leading to a high Pr and low η. On the other hand, ergodic
relaxors usually exhibit slim P-E loops at high electric field, because they benefit from the high dynamics
of PNRs [35]. Therefore, the ergodic relaxors with Tf around room temperature are favorable for energy
storage applications.
The widely studied lead-free relaxor ceramics include BaTiO3-based, (Na0.5Bi0.5)TiO3-based, NaNbO3based, and (K0.5Na0.5)NbO3-based ceramics. These systems will be introduced in the following sections.
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2.2.2.1 BaTiO3-based Relaxor Ceramics
BaTiO3 (BT) is the first synthetic perovskite ferroelectric ceramic, which was introduced in the 1940s
[25]. When it forms solid solutions with other oxide perovskites such as BaZrO3, BaSnO3, La(Mg0.5Ti0.5)O3,
etc., it exhibits relaxor characteristics [36-38]. The origin of the FE-relaxor crossover was believed to be
associated with the substitutions of A- or B- or both A- and B-sites of the perovskite lattice ABO3 [30].
Recently, the Bi-containing endmembers, BiMO3 or Bi(M′,M′′)O3, where M is a metal, attracted much
attention because the hybridization between Bi 6s and O 2p orbitals is considered to induce high permittivity
in BT-based solid solutions [39-47]. The energy storage properties (Wrec, η, and applied electric field Eapp)
of some BaTiO3-based relaxor ceramics are summarized in Table 2.1. The B-site cations are single-type
cations with +3 valence (M3+) such as Sc3+ and Fe3+, or mixed cations with the total valence of +3
(M′,M′′)3+) such as (Mg0.5Ti0.5)3+ and (Zn2/3Nb1/3)3+. Orgihara et al. investigated the structural and electrical
properties of BaTiO3-BiScO3 (BT-BS) ceramics [39]. As the BS content increased, the dielectric peaks
associated with the rhombohedral to orthorhombic and orthorhombic to tetragonal phase transitions
disappeared, and the sharp tetragonal-to-cubic phase transition peak gradually became more diffuse. For
the samples with BS content higher than 15%, the relaxor characteristics are obvious, with frequencydependent dielectric peaks and a high permittivity of 800 – 1000 over a wide temperature range. Of
particular importance is that the calculated Ea via the Vogel-Fulcher law is around 0.25 eV, an order of
magnitude higher than those of classical relaxors such as Pb(Mg1/3Nb2/3)O3-PbTiO3 and (Sr,Bi)TiO3
ceramics. The unusually high Ea means that the correlation between the PNRs is very weak, so the authors

Figure 2.7 (a) Energy density of 0.7BaTiO3-0.3BiScO3 MLCC under different temperature and electric
field. Reproduced with permission from Ref. [40]. Copyright (2009) John Wiley and Sons. (b)
Resistivity of (1 – x)(0.6BaTiO3-0.4BiScO3)-x(K0.5Bi0.5)TiO3 ceramics as a function of inverse absolute
temperature. (c) Dielectric permittivity and loss as functions of temperature and frequency for
0.8(0.6BaTiO3-0.4BiScO3)-0.2(K0.5Bi0.5)TiO3 ceramics. Reproduced with permission from Ref. [41].
Copyright (2009) John Wiley and Sons.
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Figure 2.8 (a) Unipolar P-E loops of 0.75(Bi0.85Nd0.15)FeO3-0.25BaTiO3+0.1 wt% MnO2 MLCC under
various electric field at room temperature. (b) Temperature dependence of unipolar P-E loops of the
MLCC at 300 kV/cm. (c) W, Wrec and η as functions of electric field at room temperature. (d) W, Wrec
and η as functions of temperature at 300 kV/cm. Reproduced with permission from Ref. [42]. Copyright
(2018) Royal Society of Chemistry.
named this type of relaxor “weakly coupled relaxors”. The weakly coupled relaxors are favorable for energy
storage capacitors because their high Ea makes long-range dipole alignment harder, and the P-E loops of
weakly coupled relaxors are slim even at high electric field. The authors prepared 0.7BT-0.3BS MLCCs
and characterized their energy storage properties [40]. The maximum Wrec at room temperature was 6.1
J/cm3 at 730 kV/cm, as shown in Figure 2.7(a). Of particular importance is that the MLCCs exhibited
excellent temperature stability from 0 °C to 300 °C with a relatively high energy density. This is attributed
to the temperature-stable permittivity and high resistivity over a wide temperature range [40]. Lim et al.
added (K0.5Bi0.5)TiO3 (KBT) to 0.6BT-0.4BS ceramics with hot-isostatic pressing [41]. The permittivity
and the polarization increased as the KBT content increased, but the hysteresis of the P-E loop also
increased, leading to a lower energy efficiency. The resistivity at 150 °C increased after adding KBT
additive, being 1 × 1011 Ω·cm and 9 × 1011 Ω·cm for pure BT-BS and for 20% KBT-added BT-BS ceramics,
as shown in Figure 2.7(b). Along with the temperature-stable permittivity shown in Figure 2.7(c), the BT-
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Figure 2.9 (a) Tauc plot of (0.67 – x)BiFeO3-0.33BaTiO3-xNaNbO3 and NaNbO3 ceramics. (b) Grain
size (Ga) and bandgap (Eg) as functions of NaNbO3 content. (c) Weibull distribution of the (0.67 –
x)BiFeO3-0.33BaTiO3-xNaNbO3 ceramics and the Weibull characteristic breakdown strength as a
function of NaNbO3 content. (d) Wrec and η as functions of electric field at room temperature for the
0.57BiFeO3-0.33BaTiO3-0.1NaNbO3 ceramics. (e) Wrec and η as functions of temperature at 250 kV/cm
for the 0.57BiFeO3-0.33BaTiO3-0.1NaNbO3 ceramics. Reproduced with permission from Ref. [43].
Copyright (2019) John Wiley and Sons.
BS-KBT ceramics are considered as potential dielectrics for high-temperature capacitors [41]. Bismuth
ferrite (BiFeO3, BF) is another popular endmember for BT-based relaxors due to its giant spontaneous
polarization (~ 100 μC/cm2) [48]. Xu et al. predicted that the energy density could reach 100 – 150 J/cm3
with energy efficiency of 80 – 88% at 2000 – 3000 kV/cm in the (Bi,Nd)FeO3 system [49]. Wang et al.
prepared 0.75(Bi0.85Nd0.15)FeO3-0.25BaTiO3 MLCCs with Pt for the internal electrodes and characterized
its energy storage properties [42]. The Wrec and η were 6.74 J/cm3 and 77%, respectively, obtained at 540
kV/cm, as shown in Figure 2.8(a) and (c). The variation of Wrec was about 15% in the temperature range
between room temperature and 125 °C, as shown in Figure 2.8(b) and (d). Qi et al. summarized the energy
density of various BF-based relaxors and found that the Wrec values were less than 3.5 J/cm3. They attributed
this to the relatively low BDS of BF-based relaxors, which is related to the small band gap (Eg) of the BFbased materials [43]. To solve this problem, they added NaNbO3 (NN) (Eg ≈ 3.58 eV) to BF-BT ceramics

18

Figure 2.10 (a) Unipolar P-E loops for (1 – x)BaTiO3-xBi(Li0.5Ta0.5)O3 ceramics at room temperature
near their breakdown strengths. Reproduced with permission from Ref. [44]. Copyright (2018)
American Chemical Society. (b) Variation of Pmax and Pr as functions of electric field for 0.85BaTiO30.15Bi(Zn0.5Sn0.5)O3 ceramic. (c) Wrec and η at various temperatures under 150 kV/cm for 0.85BaTiO30.15Bi(Zn0.5Sn0.5)O3 ceramic. Reproduced with permission from Ref. [45]. Copyright (2018) Royal
Society of Chemistry.
to increase the Eg and BDS. The Eg of BF-BT-NN increased from 2.6 eV for pure BF-BT to 2.95 eV for the
15% NN-added sample, and the corresponding Weibull characteristic BDS increased from 230 kV/cm to
420 kV/cm, as shown in Figure 2.9(a)-(c). The enhanced BDS was also attributed to its submicron grains.
The Wrec and η were 8.12 J/cm3 and 90%, respectively, obtained at 360 kV/cm, as shown in Figure 2.9(d).
The ceramic exhibited excellent temperature stability with variation of less than 10% and η > 85% in the
temperature range of -50 °C to 250 °C, as shown in Figure 2.9(e) [43].
In addition to the BiMO3, the Bi(M′M′′)O3 endmembers attracted more attention because of the high
flexibility that they allow in designing the composition and tuning the properties of the ceramic. For
example, Li et al. studied BaTiO3-Bi(Li0.5Ta0.5)O3 ceramics and evaluated their potential for energy storage
applications [44]. As the Bi(Li0.5Ta0.5)O3 content increased, the phase transition became smeared, leading
to a relatively high permittivity over a wide temperature range. In the meantime, the P-E loops became
slimmer, and Pr was reduced, as shown in Figure 2.10(a). The optimal energy storage properties were
achieved in 0.9BT-0.1Bi(Li0.5Ta0.5)O3 ceramic, with Wrec of 2.2 J/cm3 and η of 88.1% at 280 kV/cm [44].
MLCCs based on this composition were also fabricated. Due to the reduced dielectric thickness, the MLCCs
could withstand much higher electric field. The Wrec and η of the MLCC were 4.24 J/cm3 and 95.5% at 466
kV/cm [44]. Zhou et al. reported 0.85BaTiO3-0.15Bi(Zn0.5Sn0.5)O3 ceramics for energy storage applications
[45]. The ceramic exhibited a diffuse phase transition and weakly coupled relaxor characteristics, with Ea
of 0.246 eV obtained by fitting with the Vogel-Fulcher model, as shown in Figure 2.10(b). As the electric
field increased, the maximum polarization (Pmax) increased, while Pr was almost unchanged, as shown in

19

Figure 2.8(b). As a result, a Wrec of 2.21 J/cm3 and η of 91.6% were achieved at 230 kV/cm. In addition,
the ceramic exhibited excellent temperature stability from 20 °C to 160 °C with variation in the energy
density of less than 15%, as shown in Figure 2.10(c) [45].
2.2.2.2 (Na0.5Bi0.5)TiO3-based (NBT-based) Relaxor Ceramics
NBT-based relaxor dielectrics are another type of widely studied materials for energy storage
applications. As mentioned above, the Bi-containing dielectrics are believed to possess high permittivity
and polarization due to the hybridization between Bi 6s and O 2p orbitals. The B-O interaction in ABO3
perovskites is believed to be essential for ferroelectricity. While the strong hybridization between the s
states of A-site cations such as Pb2+ and Bi3+ and the oxygen 2p states can increase the ferroelastic strain
that couples with the ferroelectric distortions and hence strengthen the ferroelectricity [50].The Bicontaining dielectrics are also considered as potential alternatives to the toxic lead-containing dielectrics
[4, 51]. NBT exhibits strong FE characteristics, with Pr = 38 μC/cm2 and coercive field Ec = 73 kV/cm at
room temperature, and it transforms into a paraelectric phase at around 320 °C [28, 52, 53]. When alloying
with other perovskites, the NBT-based solid solutions can exhibit relaxor characteristics. For example, the
NBT-SrTiO3 (NBT-ST) relaxor system was extensively studied [54-59]. The NBT-ST ceramics were first
reported by Sakata et al., and they proposed a phase diagram of these ceramics based on dielectric and
ferroelectric measurements [54]. Park et al. reported more details about the structural and electrical
properties of this system from X-ray diffraction (XRD) and electrical measurements [55]. On increasing
the ST content, the NBT-ST ceramics underwent a diffuse phase transition from rhombohedral to
pseudocubic at about 26% ST content. The Tm decreased linearly at a rate of -5.3 °C/mol% with increasing
ST content. The phase transition peaks that were smeared at Tm shifted to higher temperature with increasing
measurement frequency, indicating the enhanced relaxor characteristics. The relaxor behavior was also
evident from the slim P-E loops for the ceramics with high ST content [55]. Xu et al. characterized the
energy storage properties of NBT-ST ceramics, and they obtained Wrec of 0.95 J/cm3 at 90 kV/cm [60]. A
Wrec of 1.7 J/cm3 with η of 87.2% at 130 kV/cm was achieved in (Sr0.3Bi0.35Na0.335Li0.015)TiO3 ceramic [61].
The high energy density was attributed to the AFE-like behavior evidenced by four current peaks in the
current-electric field loops, as shown in Figure 2.11 [61].
NBT-BT is the most studied solid solution system among the NBT-based materials because of the
existence of a morphotropic phase boundary (MPB) at BT content of 6%, where the dielectric and
piezoelectric properties are maximized [62]. Although piezoelectric ceramics usually exhibit square FElike P-E loops, their high permittivity is attractive, so many efforts have been made to modify their
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Figure 2.11 (a) P-E and (b) I-E loops of (Sr0.3Bi0.35Na0.335Li0.015)TiO3 ceramic at different electric field.
Reproduced with permission from Ref. [61]. Copyright (2018) Elsevier.
properties in order to meet the requirements for energy storage applications. Li et al. doped La3+ into
0.94NBT-0.06BT ceramics and studied the energy storage properties [63]. As the La3+ content increased,
the square P-E loop became slanted and slim, i.e., Pr was reduced. The optimal energy density was 1.66
J/cm3 at 105 kV/cm [63]. Cao et al. studied the effects of ST additive on 0.94NBT-0.06BT ceramics [64].
The difference between Pmax and Pr (Pmax – Pr), which was used to evaluate the energy storage capability,
reached its maximum when the ST content was 30%. The Wrec and η were 0.98 J/cm3 and 82% at 90 kV/cm,
respectively [64].
One appealing attribute of NBT-based materials is the possible existence of AFE phase at elevated
temperature [54, 62, 65, 66]. For example, a double hysteresis loop was observed in 0.85NBT-0.15ST
ceramic at 170 °C, and the authors proposed that AFE phase exists in the NBT-ST phase diagram, as shown
in Figure 2.12(a) [54]. Takenaka et al. also reported the existence of an AFE phase in the NBT-BT phase
diagram, while the phase transition temperature between FE and AFE reached its lowest minimum at the
MPB composition (6% BT), as shown in Figure 2.12(b) [62]. Zhang et al. suggested that the phase transition
temperature could be further reduced by adding (K0.5Na0.5)NbO3 (KNN) and attributed the AFE phase
transition to the high strain in NBT-BT-KNN ceramics [66]. The existence of the AFE phase is still under
debate, however, and many researchers have claimed that it was a non-polar state instead of an AFE phase
that existed at zero electric field [67-69]. The AFE characteristic double hysteresis loops were indeed
seldom observed in NBT-based ceramics or crystals, but instead, pinched P-E loops were usually observed
at room temperature. Although the origin of the pinched P-E loops is still unclear, the ceramics with pinched
P-E loops are suitable for energy storage applications due to the suppressed Pr and the enhanced η. Tuning
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Figure 2.12 (a) Phase diagram of NBT-ST system. Reproduced with permission from Ref. [54].
Copyright (1974) Taylor and Francis. (b) Phase diagram of NBT-BT system. Reproduced with
permission from Ref. [62]. Copyright (1991) The Japan Society of Applied Physics.
the Na/Bi ratio is an effective method of inducing a pinched P-E loop in NBT-based ceramics [70-72]. Guo
et al. found that the AFE-like pinched P-E loops could only be observed in the NBT-BT ceramics with an
excess of Bi3+ and/or a deficiency of Na+, as shown in Figure 2.13 [70]. A high Wrec of 1.76 J/cm3 was
obtained at 75 kV/cm for NBT-BT ceramics with 5% excess Bi3+ (0.94(Na0.45Bi0.55)TiO3-0.06BaTiO3) [71].
2.2.2.3 NaNbO3 and (K0.5Na0.5)NbO3-based Relaxor Ceramics
In addition to titanates, niobates are also important components of the perovskite family. Compared to
the titanate perovskites mentioned above, lead-free niobate perovskites have attracted less attention for
energy storage applications. Both Nb5+ and Ti4+ belong to the transition metal cations, which have strong
hybridization interactions with oxygen anions [73]. The hybridization between the B-site cations and

Figure 2.13 (a) P-E loops of 0.93NBT-0.07BT with different Na/Bi ratio. (b) P-E loops of 0.93NBT0.15BT with different Na/Bi ratio. Reproduced with permission from Ref. [70]. Copyright (2011)
American Physical Society.
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oxygen anions is essential for ferroelectricity in perovskites [50], and many niobates such as KNbO3 exhibit
ferroelectricity with high permittivity. As mentioned above, however, classical FEs are not suitable for
energy storage applications because of their large Pr. Therefore, compositional modifications are necessary
to tune the FE niobates into relaxors in order to meet the requirements for energy storage.
NaNbO3 (NN) is a typical niobate perovskite. It exhibits a complex sequence of phase transformations
as the temperature increases [74-76]:
−100 ℃

𝑁→

360 ℃

𝑃→

480 ℃

𝑅→

520 ℃

𝑆→

575 ℃

𝑇1 →
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𝑇2 →

𝐶

where N is ferroelectric, P and R are antiferroelectric, and S, T 1, T2, and C are paraelectric. Therefore, the
pure NN should exhibit AFE characteristics at room temperature. Most pure NN ceramics and crystals show
square FE P-E loop at room temperature, however, especially after several cycles or poling treatment [77,
78]. This phenomenon was attributed to the field-forced phase transition from P (space group Pbma) to Q
(space group P21ma) phase, which is an FE phase [79-81]. The crystal structures of the two phases are
shown in Figure 2.14. The phase transition is irreversible, and the two phase can co-exist, even in the freshly
prepared powders due to the low energy barrier between the two phases [82, 83]. In addition to strong

Figure 2.14 Crystal structure of NaNbO3 in (a) P phase (Pbma) and (b) Q phase (P2 1ma).
electric field, the FE phase can also be induced by doping with alkaline elements such as potassium [84]. It
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should be noted the AFE phase only exists in a narrow compositional region near the NN-rich side in the
NaNbO3-KNbO3 phase diagram [28, 85], while with only little amount of KNbO3 added to NaNbO3, the
resulting (K,Na)NbO3 dielectrics exhibit FE characteristics. In brief, realizing AFE characteristics in NNbased ceramics is relatively difficult due to the irreversible AFE-FE phase transition and their compositionsensitive properties. Therefore, many efforts have been made to transform the NN-based FE-like ceramics
to relaxor FE ceramics with enhanced energy storage properties.
Zhou et al. reported that the energy storage properties of NaNbO3 ceramics can be significantly enhanced
by deliberately introducing Bi2O3 and the associated Na+ vacancies [86]. In addition to the improved
permittivity caused by the hybridization between Bi 6s and O 2p, the advantages of adding Bi2O3 include:
1) Bi2O3 can act as a sintering aid and reduce the sintering temperature to prevent the volatilization of Na;

Figure 2.15 (a) Temperature dependence of dielectric properties for (Na 0.7Bi0.1)NbO3 ceramic under
various frequencies. (b) Unipolar P-E loops of (Na0.7Bi0.1)NbO3 ceramic under different electric fields.
(c) Wrec and η as functions of temperature of (Na0.7Bi0.1)NbO3 ceramic. (d) Wrec and η as functions of
cycle counts of (Na0.7Bi0.1)NbO3 ceramic. Reproduced with permission from Ref. [86]. Copyright
(2019) Royal Society of Chemistry.
2) the associated Na+ vacancies are beneficial for improving the permittivity and reducing Pr [86-89]. The

24

(Na0.7Bi0.1)NbO3 ceramic exhibited relaxor characteristics such as diffuse phase transition peaks and a slim
P-E loop, as shown in Figure 2.15(a) and (b) respectively. The maximum Wrec was 4.03 J/cm3 with a high
energy efficiency of 85.4% at 250 kV/cm. The ceramics also exhibited excellent thermal and cycling
stability, as shown in Figure 2.15(c) and (d) [86]. The authors further employed SPS to modify the
microstructure and electrical conductivity of the ceramic, and subsequently improved the energy storage
properties [90]. The grain size was significantly reduced in the SPS sample, and hence, the Weibull
characteristic BDS of the SPS sample was improved from 325 kV/cm to 406 kV/cm. In addition, the SPS
sample exhibited lower electrical conductivity, as evidenced by current-voltage measurements, and a higher
Ea was obtained, as evidenced by impedance spectroscopy measurements. Eventually, the SPS sample
showed enhanced η of 90.8% at 280 kV/cm, compared with that of the conventional sintered sample, 85.4%
at 250 kV/cm [90]. (Na1-2xSrx)NbO3 is another system where Na+ sites are occupied by heterovalent cations
[91]. The author found that the Tm decreased as the Sr2+ content increased, but did not provide the
relationship between the permittivity and the frequency. These studies indicated the flexibility and diversity
of the perovskite structure, which can withstand a considerable amount of heterovalent cations and
vacancies. This feature provides more freedom when designing the composition and tuning the properties
of perovskites.
According to Raevski et al., the (1 – x)NN-xABO3 solid solutions can be divided into two groups [92,
93]. In the solid solutions of group I, a high temperature FE phase appears when a small amount of ABO3
content is added. The dependence of Tm on x is smooth, and the dielectric maxima peaks are sharp. The
typical solid solutions belonging to group I are NaNbO3-KNbO3 and NaNbO3-LiNbO3. For group II,
however, the small dependence of Tm on x can only remain when x is less than a critical value. When x is
higher than the critical value, the Tm drops remarkably, accompanied by a frequency dispersion of the
permittivity. The typical solid solutions belonging to group II are NaNbO3-NaTaO3, NaNbO3(Na0.5Bi0.5)TiO3, and Sr(Cu1/3Nb2/3)O3. The solid solutions of group II exhibit relaxor-like behavior when
the ABO3 content is higher than the corresponding critical value. NN-ST belongs to the group II solid
solutions [92]. The 0.8NN-0.2ST ceramic was studied to evaluate its potential for energy storage
applications [94]. The Tm under various frequencies shifted to a temperature lower than -100 °C, and the
dielectric maxima peaks became diffuse, which is a characteristic of relaxors. The Wrec and η were 3.02
J/cm3 and 80.7% at 310 kV/cm [94]. Ye et al. prepared and characterized (1 – x)NaNbO3-xBi(Mg2/3Nb1/3)O3
(NN-BMN) ceramics [95]. When x = 5%, the Tm was located around 175 °C, corresponding to the phase
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transition from P phase to R phase. When x > 5%, the Tm dropped suddenly down below -100 °C instead of
decreasing linearly or smoothly with x, which is a typical feature of the group II NN-ABO3 solid solutions.
The 0.95NN-0.05BMN displayed an AFE-like pinched P-E loop, while the P-E loops of the ceramic with
x > 5% were slim at 200 kV/cm. The highest Wrec of 2.8 J/cm3 was achieved in 0.9NN-0.1BMN at 300
kV/cm, with η of 82% [95].
Another widely studied lead-free niobate perovskite for energy storage applications is (K0.5Na0.5)O3
(KNN). KNN is the solid solution between KNbO3 and NaNbO3 with a mole ratio of 1:1. KNN exhibits
strong ferroelectricity with a high Curie temperature. The KNN-based FEs are considered promising
candidates as lead-free piezoelectric materials, which are expected to replace Pb(Zr,Ti)O3 [96-99]. KNN is
regarded as a potential parent material for relaxors intended for energy storage applications [100-105]. Qu
et al. studied the effect of Sr(Sc0.5Nb0.5)O3 (SSN) on the dielectric and ferroelectric properties of KNN
[103]. The grain size was reduced to the submicron scale, which is beneficial for high BDS. The Tm shifted
from around 400 °C for pure KNN to low temperature as the SSN content increased, accompanied by a
frequency dispersion of the permittivity. The permittivity at Tm was suppressed, and the permittivitytemperature curve became flatter. The P-E loops changed from square FE-like to slim relaxor-like as the
SSN content increased. The optimal energy storage properties were obtained in 0.8KNN-0.2SSN at 295
kV/cm, with Wrec and η being 2.02 J/cm3 and 81.4%, respectively [103]. Yang et al. studied (1 – x)KNNxST ceramics and obtained similar trends as in (1 – x)KNN-xSSN ceramics: reduced grain size, reduced Tm

Figure 2.16 (a) The calculated stored energy density (W) and recoverable energy density (Wrec) as
functions of the applied electric field of 0.9(K0.5Na0.5)NbO3-0.1Bi(Mg2/3Nb1/3)O3 ceramic (b) The
calculated loss energy density (Wloss) and energy efficiency (η) as functions of the applied electric field.
Reproduced with permission from Ref. [105]. Copyright (2017) Royal Society of Chemistry.
and maximum permittivity, a flattened permittivity-temperature curve, and higher BDS as the ST content
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increased. The optimal Wrec and η of 0.8KNN-0.2ST were 3.67 J/cm3 and 72.1% at 400 kV/cm, respectively
[104]. By employing a specially designed strategy, where the composition was used to control the grain
size to increase the BDS and the hybridization of Bi 6s and O 2p orbitals to consequently increase the
permittivity and polarization, Shao et al. investigated the energy storage properties of (1 – x)KNN-xBMN
(Bi(Mg2/3Nb1/3)O3) [105]. The maximum Wrec was 4.08 J/cm3 at 300 kV/cm which was obtained in 0.9KNN0.1BMN, but the energy efficiency of 62.7% was relatively low due to the increased loss and/or
conductivity at high electric field, as shown in Figure 2.16 [105].
The energy storage properties of some representative lead-free relaxor ceramics are summarized in Table
2.1. Many classical FEs such as BT, NBT, and KNN were used as base materials for developing novel
relaxor ceramics due to their high permittivity and polarization in FE phase. BT-based relaxors are among
the earliest studied lead-free relaxor systems and many BT-based solid solutions especially the
Bi(M′,M′′)O3 with excellent energy storage performance have been reported. The compositions of NBTbased relaxors are usually complex, i.e. containing many elements and the energy storage density is usually
lower than that of BT-based relaxors. KNN-based relaxors usually exhibit high energy density but the
energy efficiency is low at high electric field, probably related to the defects associated with the loss of Na
and K at high sintering temperature. As the development of new lead-free systems and preparation
techniques, the energy storage performance of NBT- and KNN-based relaxors is improved. The most
commonly employed strategy for forming relaxors is adding cations with different radii and/or valences
from the host cations of the base material. Bismuth-containing endmembers are popular because the
hybridization between Bi 6s and O 2p orbitals may increase the permittivity and polarization of the solid
solutions.
Table 2.1 Summary of the energy storage properties of lead-free relaxor bulk ceramics.
Eapp
Materials

Wrec (J/cm3)

η (%)

Reference
(kV/cm)

0.7BaTiO3-0.3BiScO3 (MLCC)

6.1

-

730

[40]

0.48BaTiO3-0.32BiScO3-0.2(K0.5Bi0.5)TiO3

4

-

220

[41]

0.75(Bi0.85Nd0.15)FeO3-0.25BaTiO3

6.74

77

540

[42]

0.57BiFeO3-0.33BaTiO3-0.1NaNbO3

8.12

90

360

[43]

0.9BaTiO3-0.1Bi(Li0.5Ta0.5)O3

2.2

89

220

[44]

0.85BaTiO3-0.15Bi(Zn0.5Sn0.5)O3

2.41

91.6

280

[45]
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0.85BaTiO3-0.15Bi(Mg0.5Zr0.5)O3

2.9

86.8

280

[46]

0.88BaTiO3-0.12Bi(Li0.5Nb0.5)O3

2.032

88

270

[47]

0.65(Na0.5Bi0.5TiO3-0.35SrTiO3

0.95

-

90

[60]

(Sr0.3Bi0.35Na0.335Li0.015)TiO3

1.7

87.2

130

[61]

[( Na0.5Bi0.5)0.94Ba0.06]0.95La0.05TiO3

1.66

-

105

[63]

0.98

82

90

[64]

0.94(Na0.45Bi0.55)TiO3-0.06BaTiO3

1.76

-

75

[71]

(Na0.7Bi0.1)NbO3

4.03

85.4

250

[86]

(Na0.7Bi0.1)NbO3 (SPS)

3.41

90.8

280

[90]

0.8NaNbO3-0.2SrTiO3

3.02

80.7

310

[94]

0.9NaNbO3-0.1Bi(Mg2/3Nb1/3)O3

2.8

82

300

[95]

0.8(K0.5Na0.5)NbO3-0.2Sr(Sc0.5Nb0.5)O3

2.02

81.4

295

[103]

0.8(K0.5Na0.5)NbO3-0.2SrTiO3

3.67

72.1

400

[104]

0.9(K0.5Na0.5)NbO3-0.1Bi(Mg2/3Nb1/3)O3

4.08

62.7

300

[105]

0.7[0.94(Na0.5Bi0.5)TiO3-0.06BaTiO3]0.3SrTiO3

2.2.3 Antiferroelectric Dielectrics
Unlike the adjacent dipoles orientated along the same direction within a domain in FEs, the polarization
orientation in adjacent dipoles in antiferroelectrics (AFEs) is antiparallel [106]. The macroscopic
polarization in AFEs at zero electric field is zero. In addition, there is a related FE polar phase at low free
energy, and the FE phase can be induced by a strong electric field. The electric field corresponding to the
field-induced AFE-FE phase transition is EF, and the electric field of the reverse FE-AFE phase transition
is EA. As the electric field increases, the polarization of AFEs increases linearly as in linear dielectrics.
When the applied electric field reaches EF, the AFE phase is transformed into the FE phase with high
permittivity, and the polarization rockets to a high level. As the electric field increases further, the
polarization increases linearly due to the polarization saturation of the FE phase. On reducing the electric
field, the polarization does not follow the P-E curve of the loading electric field process due to the sluggish
reversal of ferroelectric domains. When the electric field reduces to EA, the FE-AFE phase transition occurs
and the polarization drops significantly. As the electric field is reduced to zero, the polarization decreases
linearly to zero. As a result, the AFEs exhibit double hysteresis loops, as shown in Figure 2.3(d). The shape
corresponding to Wrec of AFEs is close to a rectangle, while those of other dielectrics are close to a triangle.
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Benefiting from the unique P-E loops, the AFEs are considered among the most promising candidates for
energy storage materials. Nevertheless, the ideal double hysteresis loops with zero Pr are seldom observed
in real AFE materials. Some AFEs have an EF higher than their BDS, so that the AFE-FE phase transition
cannot be triggered and they behave like linear dielectrics as the electric field increases until breakdown
occurs. The field-induced FE phases in some other AFEs are very stable, however, and the FE-AFE phase
transition does not occur as the electric field is decreased, leading to FE-like square or pinched P-E loops
in these AFEs [4, 5, 107, 108]. The pinched P-E loops in AFEs are considered as due to the co-existence
of AFE and FE phases or a ferrielectric phase [13]. The double or pinched P-E loops cannot be used as the
fingerprint of antiferroelectricity, however, because some FEs also exhibit the same feature, such as
potassium-modified Pb(Zr,Ti)O3 ceramic [109], aged BT crystal [110], Li-modified BT ceramic [111], BT
crystal near its Curie temperature [112], and Cu-doped KNN ceramic [113]. The double or pinched P-E
loops in these materials are usually related to defect dipoles, which are not robust enough to withstand
multiple electrical cycles [114, 115]. Therefore, careful examinations should be made when identifying the
antiferroelectricity. One method is measuring the current-electric field curve. The AFE-FE/FE-AFE phase
transitions generate four sharp current peaks in a field cycle. Each peak corresponds to a phase-transition
field[13]. Another method is measuring the dielectric tunability behavior, that is, measuring the permittivity
and loss under DC bias [116, 117]. For classical FEs, the DC field compels the dipole moments to align
along the field direction, and the associated domain size increases. It was reported that the permittivity of
ferroelectric BT ceramics decreased as the domain size increased [118, 119]. Therefore, the permittivity of
classical FEs should decrease under DC bias. While for AFEs, the DC field can force the antiparallelorientated dipole moments to become parallel-orientated which can be regarded as evidence that the content
of FE phase with high permittivity has increased. In addition, it is already known that a strong electric field
(higher than EF) can drive the AFE phase to transform to FE phase, exhibiting a high permittivity. So, the
permittivity of AFE should increase under DC bias.
Most well-studied AFEs are based on PbZrO3 (PZ) such as (Pb,La)(Zr,Ti)O3 (PLZT) and
(Pb,La)(Zr,Sn,Ti)O3 (PLZST). Although PZ is a lead-based material and is not focused on in this work,
methods and strategies for tuning the properties of lead-free AFEs can be learned from the PZ-based AFEs.
The actively studied lead-free AFEs include AgNbO3 (AN) and NaNbO3 (NN). Because the
antiferroelectricity in NBT is still under debate, it is excluded from this section.
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2.2.3.1 PbZrO3-based Antiferroelectric Ceramics
PbZrO3 (PZ) shows an orthorhombic structure at room temperature. The antiferroelectricity originates
from the antiparallel displacement of Pb2+ cations in the ab-plane, as shown in Figure 2.17(a) [120]. The
characteristic double hysteresis loops of PZ ceramics cannot be observed at room temperature, however,
because the phase transition field EF is higher than the BDS. The double hysteresis loop was observed at a
temperature just below the Curie temperature (TC), as shown in Figure 2.17(b) [106, 117, 121]. This can be
explained by the free energy curves of the phases of PZ, as shown in Figure 2.17(c) [117]. Therefore, the
AFE phase and FE phase are competitive, and the phase stability depends on many factors, such as the
composition, temperature, electric field, and pressure.

Figure 2.17 (a) Antiferroelectric structure of PbZrO3. Arrows represent the direction of shifts of Pb
cations. The solid line shows an orthorhombic unit cell. Reproduced with permission from Ref. [120].
Copyright (1951) American Physical Society. (b) Double hysteresis loop of PbZrO3 crystal near its
Curie temperature. Reproduced with permission from Ref. [121]. Copyright (1997) Springer. (c)
Schematic curves for the free energies of the three phases of PbZrO 3. The free energy of the
ferroelectric phase should be lowered by an electric field, as shown in this figure. Reproduced with
permission from Ref. [117]. Copyright (1951) American Physical Society.
The compositional effects on phase stability in Ba or Sr-doped PZ ceramics were studied by Shirane
[122]. In (Pb,Ba)ZrO3 ceramics, as the Ba content increased, the Tc shifted to low temperature, and the
maximum permittivity increased. In addition to TC at 200 °C, there was another dielectric anomaly at around
175 °C. FE-like hysteresis loops were observed in the temperature range of 175 – 200 °C, indicating that
the phase in this temperature range was an FE phase. The permittivity in this range decreased below 10
kV/cm DC field, confirming the existence of the FE phase. In addition, the temperature range corresponding
to the FE phase expanded under 10 kV/cm, which was consistent with the trend in Figure 2.17(c). Similar
to (Pb,Ba)ZrO3 ceramics, the permittivity curves of (Pb,Sr)ZrO3 ceramics also exhibited two dielectric
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anomalies. The maximum permittivity decreased rapidly, however, as the Sr content increased, and the
lower temperature anomalies were much sharper than those in (Pb,Ba)ZrO3. The lowest phase was believed
to be AFE phase as in pure PZ, while the intermediate phase was also identified as an AFE phase because
the permittivity in the corresponding temperature range increased with the DC field. Even with only 1% Sr
doping, double hysteresis loops were not observed in the ceramics, neither above nor below TC. This
indicated that the AFE phase stability was enhanced by Sr dopants and that the EF was higher than the BDS
[122]. Similar phenomena were also observed in Ba/Sr-doped PLZST ceramics, and the Ba additions were
considered as FE phase stabilizers, while Sr additions were considered as AFE phase stabilizers [116]. This
can be explained by the relationship between the phase stability and Goldschmidt's tolerance factor (t) of
oxide perovskites (ABO3):
𝑡=

𝑟𝐴 + 𝑟𝑂
√2(𝑟𝐵 + 𝑟𝑂 )

(2.10)

Where rA, rB, and rO are the ionic radius of the A-site, the B-site and the oxygen ion. When t > 1, FE phase
is stabilized; when t < 1, AFE phase is stabilized [116, 123]. The radii of Ba2+, Pb2+, and Sr2+ are 1.61 Å,
1.49 Å, and 1.44 Å, respectively, based on the coordination number of 12 for A-site cations in the ABO3
perovskite structure [124]. According to Equation (2.10), the tolerance factor of Ba-doped PLZST is higher
than that of undoped PLZST, so that FE phase is stabilized, while Sr-doped PLZST showed the opposite
effect. This trend was also valid for B-site-doped PZ-based AFE ceramics. For example, with only 3% Ti4+
doped into PZ, the field-induced FE phase was very stable, and the FE phase could not return back to the
initial AFE phase after the electric field was removed [125]. Because the ionic radius of Ti4+ (0.605 Å) is
smaller than that of Zr4+ (0.72 Å), based on the coordination number of 6 for B-site cations in ABO3, the
tolerance factor decreases, and the FE phase stability decreases after replacing Zr4+ with Ti4+. The PbZrO3PbTiO3 phase diagram is shown in Figure 2.18(a). The tetragonal and orthorhombic AFE phases only exist
in a narrow region near the PZ end. The phase diagrams of the PLZST and Pb(Nb,Zr,Sn,Ti)O3 (PNZST)
systems (2% La/Nb contents) with wider AFE regions were developed by Berlincourt, as shown in Figure
2.18(b) and (c) [126]. These two systems are the two most widely studied AFE systems, as their properties
can be easily tuned by changing the composition. In general, the effect of Ti4+ is towards stabilizing the FE
phase while the effect of (Zr,Sn)4+ is towards stabilizing the AFE phase, which is consistent with the
relationship between the tolerance factor and the phase stability [127-129]. Nevertheless, the tolerance
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Figure 2.18 Phase diagrams of (a) PbZrO3-PbTiO3 system. Reproduced with permission from Ref.
[28]. Copyright (1971) Elsevier. (b) Pb 0.97La0.02(Zr,Sn,Ti)O3 system. (c) Pb0.99Nb0.02(Zr,Sn,Ti)0.98O3
system. Reproduced with permission from Ref. [126]. Copyright (1966) IEEE.
factor cannot always predict the correct phase stability. For example, Zr 4+ has a smaller ionic radius than
Sn4+ (0.72 Å versus 0.69 Å). The t value decreased as the Zr/Sn ratio increased in PLZST with fixed Nb5+
and Ti4+ contents, but the FE phase was stabilized instead of the AFE phase [130, 131]. Therefore, the phase
stability is not solely determined by the tolerance factor or the composition [132]. Other factors such as
temperature and pressure [127-129, 133] can also affect the phase stability or induce the phase transition in
AFE ceramics, but these factors are excluded from this section since this work has mainly studied the effects
of electric field on the phase stability of the AFE ceramics.
Many studied have been made on PZ-based, especially PLZST and PNZST AFE ceramics for energy
storage applications [134-138]. Wang et al. investigated the compositional effects on the energy storage
properties of PLZST AFE ceramics [134]. On increasing the Zr/Sn ratio from 55/40 to 90/5, the maximum
polarization at 300 kV/cm increased, but the hysteresis also increased, as evidenced by the enlarged ΔE =
EF – EA, as shown in Figure 2.19(a). As a result, the Wrec increased from 3.235 J/cm3 to 4.426 J/cm3, but the
η was reduced from 83.3% to 61.2%. On increasing the Zr/Ti ratio from 89/6 to 92/3, the ΔE decreased,
and η increased from 48.9% to 83.1%, as shown in Figure 2.19(b) [134]. The phase transition field EF
increased as the Zr/Sn ratio increased, indicating that the AFE phase stability was enhanced. This is
consistent with the phase stability trend predicted by the tolerance factor: as the Zr/Sn ratio increases, the
average B-site ionic radius increases, and t decreases, so that AFE phase is stabilized. It should be noted
that this compositional trend was controversial with respect to the conclusion in Ref. [130]. The possible
reason could be the different structures of the AFE phases the authors studied. The AFE phases studied by
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Figure 2.19 P-E loops of (Pb0.97La0.02)(Zr,Sn,Ti) ceramics (a) with different Zr/Sn ratio; (b) with
different Zr/Ti ratio. Reproduced with permission from Ref. [134]. Copyright (2014) World Scientific
Publishing Co., Inc.
Markowski were in the tetragonal region, while those studied by Wang were in the orthorhombic region. It
was reported that the free energies of phase-temperature curves in orthorhombic and tetragonal AFEs are
different [107]. The discrepancy between the phase structure and the associated phase energy may account
for the controversial results. Zhang et al. prepared Y3+-doped (Pb,Ba,La)(Zr,Sn,Ti) (PBLZST) AFE
ceramics and characterized their energy storage properties [135]. The grain size was reduced significantly
with 0.5% Y3+ dopants and changed little with further Y3+ doping. All the ceramics showed tetragonal
structure at room temperature. The lattice parameter c/a ratio and unit cell volume increased first then
decreased with increasing Y3+ content. The c/a ratio reached its maximum when 0.75% Y3+ was doped into
the ceramic. The high c/a ratio and unit cell volume were beneficial for displacement of the B-site cations
with respect to the oxygen octahedra and the resulting Pmax. The hysteresis ΔE was also reduced as the Y
content increased. The collective effects of Y doping and reduced grain size led to enhanced energy storage
properties for the 0.75% Y3+-doped PBLZST ceramic, with Wrec of 2.75 J/cm3 and η of 71.5% [135].
Recently, some novel lead-based AFE ceramics were developed [139-142]. Wei et al. fabricated PbHfO3
AFE ceramics using conventional sintering (CS) and rolling processes. The EF of PbHfO3 was as high as
230 kV/cm, and the AFE-FE phase transition was limited by the BDS of the PbHfO3 ceramics prepared by
CS. The rolling processed PbHfO3 ceramic exhibited smaller grain size and higher density, which is
beneficial for a high BDS. As a result, the ceramic exhibited a very high Wrec of 7.6 J/cm3 with η of 80.8%
at 270 kV/cm, which was higher than for most of the PZ-based AFE ceramics [139]. Bao et al. carefully
designed Pb(Yb0.5Nb0.5)O3-based AFE ceramics for energy storage applications. PbTiO3 and La3+ were
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Figure 2.20 Unipolar P-E loops and I-E loops for (a) Pb(Yb1/2Nb1/2)O3. (b) 0.92Pb(Yb1/2Nb1/2)O30.08PbTiO3. (c) (Pb0.97La0.02)[(Yb1/2Nb1/2)0.92Ti0.08)]O3 ceramics. Reproduced with permission from
Ref. [140]. Copyright (2019) Elsevier.
chosen to reduce EF and compensate the antiferroelectricity, respectively. The PbTiO3 additive reduced the
EF below the BDS, so that the ceramic could exhibit double hysteresis loop before breakdown, while the
La3+ additive reduced ΔE and increased the BDS, so that the energy storage properties were improved, as
shown in Figure 2.20 [140]. The Wrec for the Pb(Yb0.5Nb0.5)O3 AFE ceramic modified by both PbTiO3 and
La3+ was 5.18 J/cm3 and the η was 64.94% . Yang et al. studied another lead-based AFE ceramic,
Pb(Lu0.5Nb0.5)O3 [142]. The EF of pure Pb(Lu0.5Nb0.5)O3 ceramic was as high as 300 kV/cm, which made it
difficult to realize the AFE-FE phase transition for energy storage applications. The authors tried to reduce
the AFE stability by adding Pb(Mg0.5W0.5)O3, which possesses a high t value. The maximum Wrec at 50 °C
was obtained in 0.97Pb(Lu0.5Nb0.5)O3-0.03Pb(Mg0.5W0.5)O3 AFE ceramic. The energy efficiency was
around 62% [142].
In brief, although PZ-based AFE ceramics and the related raw materials are toxic, the design strategies
and methods adopted for PZ-based AFE ceramics are valuable for optimizing the energy storage properties
of lead-free alternatives, such as AgNbO3 and NaNbO3.
2.2.3.2 AgNbO3-based Antiferroelectric Ceramics
AgNbO3 (AN) also has the orthorhombic structure at room temperature. It experiences a series of phase
transitions as the temperature increases [143] [144, 145]:
67°𝐶

𝑀1 →

267℃

𝑀2 →

353℃

𝑀3 →

361℃

𝑂1 →

387℃

𝑂2 →

579℃

𝑇→

𝐶

M1 is a ferrielectric phase while M2 and M3 are disordered AFE phase. The phase transitions between them
are related to cation displacement [146, 147]. The adjacent dipoles in ferrielectrics are antiparallel, but the
magnitudes are not equal, so that the ferrielectrics exhibit a finite macroscopic polarization [147]. The
ferrielectric M1 phase at room temperature may be the reason why AN was considered as FE in the past
[148]. The other four phases are paraelectric, and the phase transitions between them are related to oxygen
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octahedral tilting [145, 149]. The AFE characteristic double hysteresis loop of AN ceramic was first
observed by Fu et al., and a high Pmax of 52 μC/cm2 at 220 kV/cm was observed [150], indicating that AN
is a promising candidate as a lead-free AFE ceramic for energy storage applications. Preparing high quality
AN ceramics is challenging because the raw material Ag2O decomposes at around 200 °C. Tian et al.
prepared high quality AgNbO3 AFE ceramics by pumping in oxygen gas during the calcination and
sintering processes [151]. The dense structure enables a high BDS for the thus-prepared AN ceramics. The
AFE-FE phase transition occurred at around 125 kV/cm, and the maximum Wrec was 2.1 J/cm3, obtained at
175 kV/cm [151]. The authors further studied the AgNbO3-Bi1/3NbO3 pseudo-binary solid solution [152].
The Bi1/3NbO3, or BiNb3O9, was reported as an A-site deficiency perovskite [153], which was expected to
reduce the tolerance factor and enhance the antiferroelectricity. The EF increased linearly as Bi1/3NbO3
content was added, indicating enhanced AFE phase stability. Meanwhile, the ΔE was reduced, which can
result in high η. The optimal energy storage properties were obtained in 0.91AgNbO3-0.09Bi1/3NbO3, or
(Ag0.93Bi0.03)NbO3 ceramics, with Wrec of 2.6 J/cm3 and η of 86% [152]. Zhao et al. added MnO2 to AN
ceramics to reduce the leakage current and increase the density. The Pr of the ceramics decreased
monotonically as the MnO2 content increased, while the ΔE reached its minimum when 0.1 wt% MnO2 was
added. The Wrec of 0.1 wt% MnO2-doped AN ceramic was 2.5 J/cm3, along with the η of 57% achieved at
150 kV/cm [154]. The authors also studied B-site doping by replacing Nb5+ in AN ceramics with Ta5+ and
characterized the energy storage properties [155]. The addition of Ta5+ shifted the M2 and M3 phases to
lower temperature and thus enhanced the antiferroelectricity, as shown in Figure 2.21(a). The enhanced
antiferroelectricity cannot be attributed to the tolerance factor, because the ionic radii of Nb5+ and Ta5+ are
identical and the tolerance factor is unchanged. The authors ascribed the enhanced antiferroelectricity to

Figure 2.21 (a) Phase diagram of Ag(Nb1−xTax)O3 ceramics determined from dielectric-temperature
curves. (b) Weibull plots of dielectric breakdown strength for Ag(Nb 1−xTax)O3 ceramics. (c)
Temperature stability of energy storage properties for Ag(Nb 0.85Ta0.15)O3 ceramic. Reproduced with
permission from Ref. [155]. Copyright (2017) John Wiley and Sons.
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the different polarizability and electronegativity. Figure 2.21(b) shows the variations of grain size and BDS
of Ag(Nb,Ta)O3 ceramics with Ta5+ content. The grain size was reduced after Ta5+ was added, resulting in
a higher BDS in Ag(Nb,Ta)O3 ceramics. The maximum Wrec of 4.2 J/cm3 with η of 69% was achieved at
230 kV/cm in Ag(Nb0.85Ta0.15)O3 ceramic. The ceramic exhibited excellent temperature stability with
variation of only 5% over the temperature range of 20 – 120 °C, as shown in Figure 2.21(c) [155]. To verify
the relationship between the antiferroelectricity and the polarizability, the authors prepared W-doped AN
ceramics [156]. The ionic radius of W6+ (0.6 Å) is smaller that of Nb5+ (0.64 Å), which means that replacing
Nb5+ with W6+ should increase the tolerance factor and ferroelectric phase stability. Nevertheless, it was
antiferroelectricity instead of ferroelectricity that was enhanced, as evidenced by the increased EF and
reduced phase transition temperature between the M1 and M2 phases. The intensity of the ν5 mode, related
to B-site cation displacement and BO6 octahedral tilting, was weakened after adding W6+. This was
attributed to the lower polarizability of W6+ (2.50 Å3) compared to Nb5+ (3.10 Å3) [157]. The reduced
average B-site polarizability made the B-site cations less sensitive to the applied electric field [156]. The
Wrec and η of AgNbO3-0.1 wt% WO3 AFE ceramic were 3.3 J/cm3 and 50% at 200 kV/cm, respectively.
Luo et al. introduced Ag vacancies by adding Ca2+ to AgNbO3 in order to stabilize its antiferroelectricity
and decrease the grain size, so as to improve the energy storage properties [158]. Because the ionic radius
of Ca2+ (1.34 Å) is smaller than that of Ag+ (1.48 Å), the tolerance factor decreases as the Ca2+ content
increases, and the antiferroelectricity should be enhanced. The enhanced antiferroelectricity was
demonstrated by the increased EF and EA. The Ca2+ dopants accumulated near the grain boundaries, and
their mobility was reduced in the densification process, leading to a decreased grain size and a high BDS.
The introduced silver vacancies also contributed to the reduced grain size by inhibiting mass transport. As
a result, a maximum Wrec of 3.55 J/cm3 was obtained in (Ag0.92Ca0.04)NbO3 AFE ceramic at 220 kV/cm.
The η of 56.3% was relatively low due to the large hysteresis of the field-induced FE phase [158]. The
authors also tried to dope AN ceramic with the aliovalent A-site cation Sm3+ [159]. The Sm3+ dopants also
stabilized the AFE phase and increased the BDS by reducing the grain size. Furthermore, the ΔE was
reduced significantly by Sm3+ doping, leading to an improved energy efficiency. A superior Wrec of 5.2
J/cm3 with a high η of 68.5% at 290 kV/cm was achieved in the (Ag0.91Sm0.03)NbO3 AFE ceramic [159].
By combining the aliovalent A-site cation Sm3+ and the low-polarizability B-site cation Ta5+ to AN AFE
ceramic, the antiferroelectricity and energy storage properties were improved [160]. The authors attributed
the stabilized AFE phase to the restricted B-site cation displacement and oxygen octahedral tilting angles
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caused by lattice volume shrinkage. The optimal Wrec of 4.87 J/cm3 and the corresponding η of 63.5% were
achieved in (Ag0.94Sm0.02)(Nb0.9Ta0.1)O3 at 280 kV/cm [160].
2.2.3.3 NaNbO3-based Antiferroelectric Ceramics
As introduced in Section 2.2.2.3, NaNbO3 (NN) shows antiferroelectricity at room temperature with an
orthorhombic structure. The characteristic double hysteresis loops were observed in NN crystals with the
applied electric field perpendicular to the orthorhombic c axis [79]. Vousden found that the displacements
of Nb atoms in different unit cells were along the a axis direction and antiparallel [161]. Therefore, the
antiferroelectricity may arise from the antiparallel displacement of Nb atoms, and the FE phase can be
induced by applying a strong electric field along the displacement direction. The required electric field is
so strong, however, that it usually exceeds the BDS of NN crystals or ceramics, which is similar to the
situation of pure PZ ceramics. In addition, the field-induced FE phase (Q phase) is usually more stable than
the AFE phase at zero electric field. Therefore, in some studies, the AFE double hysteresis loops were only
observed in the first cycle, and then FE-like square hysteresis loops developed and persisted [77, 79, 162].
The Q phase stability is sensitive to impurities such as K and Li. For example, the critical electric field to
initiate the double hysteresis loop for pure NN crystals is higher than 90 kV/cm. With only 0.5% K replacing
Na in A-sites, the critical field is reduced to 42 kV/cm. In the NaNbO3-KNbO3 solid solution at room
temperature, only FE hysteresis loops could be observed when the KNbO3 content was higher than 0.6%
[162]. Similarly, Li dopants facilitated the field-forced phase transition from AFE to FE, and the FE phase
became stable at room temperature when the Li content was higher than 7% [163]. The ferroelectric Q
phase stability is also affected by grain size [164, 165]. Koruza et al. prepared a series of NN ceramics with
various grain sizes from 50 μm to 0.15 μm (NNx, where x represents the grain size in μm) and studied their
phase transition behavior [164]. The coarse-grain samples with grain size of 50 μm and 2.65 μm (NN50
and NN2.65) exhibited a differential scanning calorimetry (DSC) peak at 373 °C, corresponding to the PR phase transition. As the grain size decreased, the DSC peak shifted to lower temperature, and the
amplitude was suppressed. For the samples with grain size below 0.23 μm, another DSC peak at 293 °C
became dominant, which was close to the Q-R phase transition previously observed in submicron NN
powder [80]. Therefore, the ferroelectric Q phase may exist in the samples with grain size less than 0.23
μm. The authors further measured the piezoelectric voltage coefficient d33 of NN50 and NN0.15. Both
samples exhibited d33 = 0 pC/N before poling. The d33 of NN50 was also zero after poling, indicating that
the phase of NN50 was nonpolar AFE P phase. The NN0.15 exhibited a d33 of 18 ± 2 pC/N after poling,
however, demonstrating the existence of FE Q phase. Based on the DSC and dielectric measurement results,
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the authors proposed a grain size dependence of the phase-transition temperatures of NN ceramics, with a
critical grain size of 0.27 μm where a grain-size-induced AFE-FE (P-Q) phase transition occurs, as shown
in Figure 2.22. 23Na nuclear magnetic resonance was also used to determine the AFE and FE polymorphs
in the samples with different grain sizes. The grain-size-induced AFE-FE phase transition was attributed to
the existence of intragranular stresses [164]. The FE Q phase stability was also reported to be related to the
stoichiometry and defects. Reznichenko et al. proposed that Na deficiency/vacancies stabilized the AFE
phase in NN [166]. The designed formula was Na1-xNbO3-x/2, however, which means that not only Na
vacancies but also oxygen vacancies existed in the nonstoichiometric NN ceramics, and the effects of
oxygen vacancies could not be excluded. Fan et al. studied the impact of A-site nonstoichiometry on the

Figure 2.22 Grain size dependence of the phase-transition temperatures of NaNbO3 ceramics as
determined by DSC (peak maximum) and dielectric measurements upon heating. The transition
temperatures for samples exhibiting two polymorphs are marked with two symbols, where the full
symbols correspond to the phase transition of the majority phase, while the empty symbols correspond
to one of the minority phases. The dotted line represents the critical grain size of 0.27 mm, determined
by NMR and grain-size distribution analysis. Reproduced with permission from Ref. [164]. Copyright
(2017) Elsevier.
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microstructure, electrical properties, and phase stability of NN ceramics with the designed formula
Na1+xNbO3 (x = -2 to 1 mol%) [167]. As x increased (from Na-deficient to Na-excess), the grain size
increased, which was attributed to the grain boundary pinning effects caused by defect complexes [168].
Some author also attributed the nonstoichiometric effects on grain size to the formation of liquid phases
[169]. The relative density of Na-deficient NN ceramics were generally higher than those of stoichiometric
and Na-excess NN, which may have been caused by the promotion effect of A-site vacancies on the
diffusion of the constituent ions [170]. It was reported that high density promotes the AFE stability of NN
ceramics [171]. Therefore, the AFE phase stability should be improved in Na-deficient NN. The stabilized
AFE phase in Na-deficient NN ceramics was also evidenced by the increased critical electric field, where
the Pmax increased drastically. In classical AFE systems such as PZ and AN, proper A-site vacancies
generate chemical pressure and lattice compressive stress, leading to enhanced AFE distortion and AFE
phase stability because the compressive stress favours the AFE phase [172, 173]. The enhanced AFE phase
stability of Na-deficient NN ceramics was consistent with the situations in PZ and AN [167]. Similar results
were found by Ruf et al., such as increasing grain size and decreased critical field for inducing the jump in
Pmax, when the composition changed from Na-deficiency to Na-excess [174]. The authors also found that
the activation energy of conduction for Na deficient NN was higher than that for Na-excess NN ceramic,
which was attributed to the increased oxygen vacancies of the latter. Oxygen vacancies commonly exist in
NN ceramics and crystals because of the high treatment temperature (> 1350 °C) [171]. Shakhovoy et al.
proposed that the oxygen vacancies indirectly stimulated the appearance of the FE Q phase [166].
Therefore, a post annealing process in air/oxygen atmosphere is desirable to re-oxidize the NN
ceramics/crystals to reduce the oxygen vacancies. It should be noted that sodium is easily volatilized at high
temperature, so that in some studies, 1 – 2% excess Na was added to compensate the loss of Na during
sintering.
Guided by the relationship between the tolerance factor and the phase stability, Shimuzu et al. designed
(1 – x)NaNbO3-xCaZrO3 (NNCZx) solid solutions [83]. In addition to reducing tolerance factor, the authors
also inferred that the AFE phase stability could be stabilized by keeping the average electronegativity (X)
fixed. The average electronegativity of perovskite ABO3 can be expressed by:
𝑋=

𝑋𝐴𝑂 + 𝑋𝐵𝑂
2

(2.11)

Where XAO (XBO) is the electronegativity difference between the A-site (B-site) cation and the oxygen anion.
Because CaZrO3 additions could reduce the tolerance factor while keeping the average electronegativity of
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the same order, the AFE phase stability should be increased with addition of CaZrO3. It is well known the
AFE P phase and FE Q phase may co-exist in NN-based ceramics. The difference between the two phases
can be distinguished by selected area electron diffraction. The unit cells of P and Q phases are quadrupled
and doubled in the [010] direction, respectively [175]. Correspondingly, the P and Q phases should exhibit
¼{0k0} and ½{0k0} superlattice diffractions in reciprocal space. After carefully examining the diffraction
patterns of NNCZx ceramics, the authors proposed that the Q phase did not exist in the CZ-doped samples,
based on the absence of ½{0k0}-type superlattice diffractions. The double hysteresis loops were not
observed for NNCZx ceramics at room temperature, but they were well developed at 120 °C. The undoped
NN ceramics always exhibited FE-like square P-E loops, regardless of whether they were at room
temperature or 120 °C. First-principles calculation showed that the energy difference between P and Q
phases in undoped NN is small, on the order of 1 meV. Doping with CaZrO3 increased the energy difference
between the two phases and hence stabilized the AFE phase [83]. Guo et al. summarized a list of potential
NN-based AFEs in terms of their reduced tolerance factor, as shown in Table 2.2 [176]. Gao et al. studied
(1 – x)NaNbO3-xBiScO3 solid solutions [177]. Instead of keeping the X fixed or increasing the X slightly,
as in doping NN with CaZrO3, the BiScO3 dopants decreased the X value while still decrease the tolerance
factor. An AFE-like pinched P-E loop with finite Pr and four current peaks was observed in 0.99NaNbO30.01BiScO3 ceramic [177]. Therefore, the strategy of keeping the average electronegativity value is also
not essential for stabilizing AFE phase. Ye et al. showed that the double hysteresis loops can be observed
in (1 – x)NaNbO3-xCaSnO3 solid solution [178]. The authors attributed this to the decreased average B-site
polarizability after doping NN with CaSnO3.
Table 2.2 List of potential NaNbO3-based antiferroelectrics in terms of reduced tolerance factor.
Reproduced with permission from Ref. [176]. Copyright (2015) AIP Publishing
(1-x)NaNbO3-xA3+B3+O3

(1-x)NaNbO3-xA2+B4+O3

0.948 < t <0.967

0.949 < t <0.967

0.450 < rB/rO <0.478a
A-site (Ln series or Bi)

0.454 < rB/rO <0.481a

B-site

A-site

Y

B-site
Te

Ba, Sr, Ca, Cd
Tl

Ce

Bi, Ln (La – Lu)b
In

Tb
Sr, Ca, Cd

Pd

Zr
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Sc

Hf

Mo

Sn

Ir

Ta

Ru

W

Mnc

Mo

Fec

Os

V

Ca, Cd

Re

Ga

Ir

Cr

Ru

Coc

Ti

Ln (Ce – Lu)

Mnd

Ln (Sm – Lu)

Fed

Ln (Eu – Lu)

Cod

Bi

Ln (Gd – Lu)

Cd

a

t and rB/rO are calculated within the range of 0 ≤ x ≤ 0.1

b

Ionic radii of Bi3+ is 1.34 Å.

c

The ionic radii at high spin are used.

d

The ionic radii at low spin are used

Ru

Only a few studies of NN-based AFE ceramics for energy storage have been reported [179-181]. This
may be partly due to the existence of the metastable FE Q phase. The FE phase usually leads to a pinched
or completely square P-E loop with a large hysteresis and a high Pr. Obviously, these P-E loops do not
correspond to high Wrec and η, which are expected in ideal AFE ceramics. Another possible reason may lie
in the difficulty in preparing dense and uniform NN-based AFE ceramics. High density with minimal
porosity is a fundamental requirement for withstanding high electric field and achieving high energy storage
properties. The sintering temperatures for most of the NN-based AFE ceramics are high, however, so that
various defects such as pores and oxygen vacancies are inevitably generated during the sintering process.
In addition, the grain growth in NN-based ceramics is fast, and the optimal sintering temperature window
is narrow, which means that simultaneously achieving high density and small grain size in NN ceramics is
difficult [98, 99, 182-184]. Koruza et al. reported that the sintering behavior of NN ceramics was
significantly different from those of other ceramics such as Al2O3, ZrO2, and BaTiO3. In such materials, the
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microstructure experienced rapid densification and negligible grain growth during the intermediate
sintering stages, while considerable grain growth occurred when a critical density was reached. In NN
ceramics, however, the grain growth occurs in tandem with the densification process. This may be due to
the low activation energy of surface diffusion. Two-step sintering is a relatively simple method for
preparing dense ceramics with fine grains by suppressing the grain growth in the final sintering stage [185].
The two-step sintering technique had been successfully used for preparing dense and fine-grain ceramics
such as Y2O3 [185, 186] and BaTiO3 [187, 188], but it did not have the same effect in NN [183]. Therefore,
the sintering mechanism of NN-based ceramics and techniques for preparing dense and fine-grained NNbased ceramics must be properly understood. The studies of NN-based AFE ceramics for energy storage
applications were mainly based on the conventional sintering technique. Liu et al. studied the energy storage
properties of (1 – x)NaNbO3-xCaZrO3 ceramics [179]. Both AFE P phase and FE Q phase existed in the
prepared ceramics, and the P-E loops were pinched at the origin with a relatively high Pr. The optimal Wrec
and η were 0.55 J/cm3 and 63% at 130 kV/cm in 0.96NaNbO3-0.04CaZrO3 ceramic [179]. Qi et al. prepared
(0.94 – x)NaNbO3-0.06BaZrO3-xCaZrO3 AFE ceramics and investigated their structural and electrical
properties [180, 189]. They found that the AFE P phase was stabilized when 0.01 < x ≤ 0.05, and
reproducible double-like P-E loops could be observed at room temperature. As a result, a high Wrec of 1.59
J/cm3 with a very low η of 30% were achieved at room temperature in the sample with x = 0.04 [180].
The energy storage properties of some lead-based and lead-free AFE ceramics are summarized in Table
2.3. The energy storage properties of lead-based AFE ceramics have been well studied and some complex
systems such as PLZST and PNZST have been developed. Their energy storage properties are usually high
than those of the early-stage lead-free AFE ceramics. Recently, by optimizing the composition and
preparation techniques, the energy storage properties of lead-free AFE ceramics are comparable to those of
the well-developed lead-based AFE ceramics. Although the usage of lead has been restricted by many
countries, the development path of well-studied PZ-based AFE ceramics can be used as a guide for other
lead-free AFE ceramics, such as AN- and NN-based AFEs.
Table 2.3 Summary of the energy storage properties of lead-based and lead free antiferroelectric bulk
ceramics.
Wrec
Eapp
Materials
η (%)
Reference
(J/cm3)
(kV/cm)
(Pb0.97La0.02)(Zr0.9Sn0.05Ti0.05)O3

4.426

42

61.2

227

[134]

0.75% Y2O3-doped
2.75

71.5

~130

[135]

6.4

62.4

~280

[136]

(Pb0.97La0.02)(Zr0.5Sn0.44Ti0.06)O3

4.2

82

260

[137]

(Pb0.955Sr0.015La0.02)(Zr0.75Sn0.195Ti0.055)O3

5.56

67.9

~330

[138]

PbHfO3 (rolling process)

7.6

80.8

270

[139]

(Pb0.97La0.02)[(Yb0.5Nb0.5)0.92Ti0.08)O3

5.18

65

~280

[140]

0.9PbHfO3-0.1Pb(Mg0.5W0.5)O3

3.7

72.5

155

[141]

6.43

~62

~280

[142]

AgNbO3

2.1

-

175

[151]

(Ag0.91Bi0.03)NbO3

2.6

86

-

[152]

0.1 wt% MnO2-AgNbO3

2.5

57

~150

[154]

Ag(Nb0.85Ta0.15)O3

4.2

69

230

[155]

0.1 wt% WO3-AgNbO3

3.3

50

185

[156]

(Ag0.92Ca0.04)NbO3

3.55

56.3

220

[158]

(Ag0.91Sm0.03)NbO3

5.2

68.5

290

[169]

(Ag0.94Sm0.02)(Nb0.9Ta0.1)O3

4.87

63.5

280

[156]

(Ag0.88Gd0.04)NbO3

4.5

64

~280

[173]

0.96NaNbO3-0.04CaZrO3

0.55

63

130

[179]

0.9NaNbO3-0.06BaZrO3-0.04CaZrO3

1.59

30

~230

[180]

Na(Nb0.6Ta0.4)O3 (SPS)

0.9

70.9%

164

[181]

(Pb0.87Ba0.1La0.02)(Zr0.65Sn0.3Ti0.05)O3
0.5(Pb0.858Ba0.1La0.02Y0.008)(Zr0.65Sn0.3Ti0.05)O30.5(Pb0.97La0.02)(Zr0.9Sn0.05Ti0.05)O3 (SPS)

0.97Pb(Lu0.5Nb0.5)O3-0.03Pb(Mg0.5W0.5)O3 (at
50 °C)

2.3 Challenges to the State-of-the-Art Dielectrics for Electrostatic
Capacitors
2.3.1 Energy Density
The low energy density of electrostatic capacitors is their major disadvantage compared with other ESDs
such as batteries and electrochemical capacitors. The relatively low energy density of present capacitors
significantly limits their usage in applications where miniaturization, light weight, and easy integration are
desirable [190, 191]. According to Equations (2.4) and (2.5), the energy density of a dielectric capacitor
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relies on the permittivity and the BDS of the dielectric. Therefore, increasing the permittivity and increasing
the BDS are two main methods of improving the energy density of dielectric capacitors.
Ferroelectrics (FEs) are typical dielectrics with high permittivity (> 1000). For FEs like BaTiO 3, the
permittivity reaches its maximum at the Curie temperature (TC), while for relaxor ferroelectrics, the
permittivity maximum appears at Tm. One approach to increasing permittivity is shifting the TC/Tm to the
operational temperature of the dielectric capacitor, which is usually at room temperature. This can be
achieved by alloying BaTiO3 with other perovskite endmembers such as SrTiO3 [192], BaZrO3 [193], and
BaSnO3 [36, 194]. The permittivity of these dielectrics changed drastically near TC, however, leading to
inferior temperature stability, which will be discussed in Section 2.3.4. In addition, elevated dielectric losses
are usually associated with the dielectric peaks, thus decreasing the BDS and η. On the other hand, the Tm
of relaxors can also be tuned by doping and alloying so that the permittivity at room temperature can be
enhanced. In addition, the relaxors exhibit a diffuse phase transition with high permittivity over a wide
temperature range and are expected to possess high temperature stability.
Compared with increasing permittivity, increasing BDS is a more effective way of improving the energy
density [3, 4]. The BDS of ceramics is inversely proportional to the porosity, and the grain size and
thickness, as shown in Figure 2.23(b) – (d) [4]. Conventional sintered ceramics usually contain pores filled
with gases, the permittivities of which are much lower than for the ceramics. When applying an electric
field on a ceramic, the local electric fields near the pores are much higher than that on the ceramic body
and usually lead to a local breakdown near the pores. Long-term local breakdowns will lead to erosion,
electrical treeing, and pitting, and finally, the ceramic will break down even under its normal working
voltage [195, 196]. The improved BDS in fine-grained ceramics was attributed to the increased content of
grain boundaries with higher insulation properties than grains [197]. High-resistivity space charge depletion
layers build up at grain boundaries and can act as barriers to charge transport across the grain boundaries,
leading to reduced leakage current and enhanced BDS [198]. Therefore, dense ceramics with fine grains
are always desirable for energy storage applications. In general, thinner ceramics possess higher BDS
because fewer defects exist in them. The impact of thickness on the BDS is of particular importance for
multilayer ceramic capacitors (MLCCs), in which submicron dielectric ceramic layers are expected [11].
Reducing the dielectric layer thickness is also helpful for the miniaturization of the MLCCs by increasing
the volumetric capacitance, although preparing uniform and submicron-scale dielectric layers is also a
challenge. It should be noted that there is a negative relationship between the permittivity and the BDS of

44

Figure 2.23 Impact factors on breakdown strength of dielectrics. (a) permittivity. (b) porosity. (c) grain
size. (d) thickness. Reproduced with permission from Ref. [4]. Copyright (2019) Elsevier.
dielectrics, as shown in Figure 2.23(a) [4]. The trade-off between permittivity and BDS can be used as a
guideline in choosing dielectrics for energy storage applications.
As mentioned in Section 2.2.3.3, the two-step sintering technique is a relatively simple method used to
sinter ceramics while suppressing the final-stage grain growth [185]. By employing two-step sintering, a
fully-densified Y2O3 ceramic with a grain size of 60 nm was reported, which was almost an order of
magnitude smaller than for the ceramics sintered by conventional sintering [185]. The two-step sintering
technique was also employed in preparing MLCCs with the ceramic composition of 0.87BaTiO 30.13Bi(Zn2/3(Nb0.85Ta0.15)1/3)O3, and a smaller grain size of 434 nm was obtained, leading to a superior
recoverable energy density of 10.12 J/cm3 with a high energy efficiency of 89.4% at electric field of 1047
kV/cm [199]. The fine-grained ceramics can also be prepared by the liquid phase sintering technique. This
can be realized by introducing low-melting-point glass phase or oxides, which can form a liquid phase
coating the grains during sintering [200]. For example, BaO-SiO2-Al2O3-B2O3-ZrO2-SrO glass was used to
form a thin layer coating BaTiO3 particles at high temperature [11]. The low-melting-point glass additive
not only reduces the sintering temperature, but also reduces the grain size. As a result, the BDS of the

45

ceramics increased from 226 kV/cm for pure BaTiO3 to 645 kV/cm for the ceramics containing 20 vol%
glass, where the corresponding grain sizes are 145 μm and 1 μm, respectively [201]. Some studies show,
however, that the permittivity was decreased due to introducing low-permittivity glasses/oxides [202, 203],
which may affect the final energy storage properties.

2.3.2 Energy Efficiency
In addition to energy density, energy efficiency (η) is also important for practical applications. According
to Equation (2.6), the η represents how much energy can be released in the discharging process, which is
associated with how much energy is dissipated in the form of heat. The dissipated energy is closely related
to the dielectric loss and leakage current. In FEs, the domain wall motions contribute a large fraction of the
dielectric loss. The dielectric-loss spectroscopy of FEs is shown in Figure 2.24. In region I below TC, the
dielectric loss is relatively high due to the domain wall motion. In region II above TC, the dielectric loss
decreases due to the absence of domain structures in the paraelectric phase. The dielectric loss increases
again in region III, mainly coming from the increased conductivity at elevated temperature [204]. Therefore,
high η is expected to be obtained in region II. There is also a similar region II above Tm in the dielectric
loss-temperature spectra of relaxors. Along with having the high permittivity of relaxors, the relaxors with
Tm below room temperature are promising candidates for energy storage applications. In addition, the

Figure 2.24 Dielectric loss-temperature spectroscopy of a ferroelectric dielectric.
critical temperature initiating region III should be delayed as much as possible. This is because the increased
loss due to conductivity corresponds to decreased η and more generated heat. If the heat loss rate is lower
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than the heat generation rate, the temperature of the ceramic body will increase, and the conductivity will
increase further. This positive feedback significantly increases the current flowing through the ceramic, and
thermal breakdown may occur [205]. With respect to the dielectric capacitors working under high bias, the
conductivity of such dielectrics is required to be low to ensure a satisfactory energy efficiency. It was
reported that, in perovskite ceramics, especially those containing volatile elements such as Pb 2+ and Bi3+,
the electrical conduction type is p-type where the holes are the dominant charge carriers [206-208]. The
holes can be generated by the ionizing process of metal cation vacancies, which are created during the hightemperature sintering process [208]. Donor dopants, such as Nb5+ to replace (Zr,Ti)4+ in Pb(Zr,Ti)O3, are
beneficial for reducing the conductivity due to the compensation between the holes and the electrons
associated with the donor dopants [207]. Another major type of defect in perovskite ceramics is oxygen
vacancies, which are responsible for high-temperature relaxation and conduction [209-211]. By annealing
in oxygen atmosphere, the oxygen vacancy concentration can be reduced, and the insulating properties can
be enhanced. As a result, the BDS and energy efficiency of O 2-annealed samples are higher than those of
as-sintered and N2-annealed samples [212].

2.3.3 P-E Loop Shape
Relaxors and AFEs are the two most promising dielectric candidates for energy storage applications.
Relaxors, which feature slim hysteresis loops with high maximum polarization and low remnant
polarization, are expected to yield high energy density and high energy efficiency simultaneously at a
medium electric field. Under higher electric field, however, the polarization does not increase at the same
rate as under low and medium electric fields, which is denoted as polarization saturation[4], as shown in
Figure 2.25(a). The polarization saturation phenomenon is common in classical FE materials, due to fact
that the most of the domains are aligned in the electric field direction [13]. After polarization saturation,
the polarization increases linearly as the electric field increases, similar to the situation in linear dielectrics.
That is to say, the permittivity decreases after the polarization saturates. When the polarization saturation
occurs at an electric field far below the BDS of the ceramics, the energy storage potential will be limited
significantly, even when the materials possess a high BDS [213, 214]. The polarization saturation is similar
to the DC bias effect in BaTiO3-based MLCCs, in which the capacitance (permittivity) decreases as the
applied DC bias increases [215]. This effect is believed to be related to the FE characteristics such as domain
switching in BaTiO3-based dielectrics [216]. The polarization saturation in relaxors may come from the
FE-active cations, so replacing the FE-active cations by FE-inactive cations can mitigate the polarization
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Figure 2.25 (a) Schematic illustration of two P-E curves with early (red line) and delayed (blue line)
polarization saturation.
saturation but decrease the zero-field permittivity. The overall energy density is expected to increase at
elevated applied electric field. On the other hand, it is well known that the AFEs experience a phase
transition from nonpolar AFE phase to polar FE phase under a strong electric field. The permittivity jumps
with the electric field in the phase transition process, which is opposite to the situation in FEs and relaxors.
Adding AFE phase to relaxor phase can be a potential method for increasing the field stability of the
dielectrics. For example, by introducing AFE Pb(Mg0.5W0.5)O3 into Pb(Ni1/3Nb2/3)O3-PbTiO3 ceramic, the
field stability of the permittivity under DC bias was markedly improved [217].
Another class of promising dielectrics for energy storage application are the AFEs. Due to the unique
double hysteresis loops originating from the reversible AFE-FE phase transition, AFEs can yield higher
energy density than other dielectrics, although the phase transition hysteresis also leads to high dissipation
of the energy density and low energy efficiency. Therefore, many AFE ceramics exhibit high recoverable
energy density around 4 J/cm3 but low energy efficiency below 75% [140, 141, 151, 152, 154-156, 158160]. A reasonable attempt to overcome this is to introduce relaxor characteristics into normal AFEs to
form so-called ‘relaxor antiferroelectrics’ with a slim double hysteresis loop, accounting for a high energy
efficiency, as illustrated in Figure 2.26(a). In addition, large strain associated with the AFE-FE phase
transition usually exists in AFE ceramics, which may result in microcracks and mechanical failure of AFE
ceramic capacitors in repeated charge/discharge cycles [107, 108]. The relaxor characteristics may be
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Figure 2.26 (a) Schematic diagram of energy storage properties for antiferroelectric and relaxor
antiferroelectric materials. (b) Wrec and η as functions of the applied electric field for
0.55(Na0.5Bi0.5)TiO3-0.45(Sr0.7Bi0.2)TiO3 MLCC. Reproduced with permission from Ref. [7].
Copyright (2018) John Wiley and Sons.
beneficial for smearing the large field-induced strain and the phase transition hysteresis, thus reducing the
mechanical and thermal breakdowns of the dielectrics, respectively. The relaxors feature structural and
chemical heterogeneity, so creating such heterogeneity may be helpful to transform the normal AFEs to
relaxor AFEs [35]. For example, 8% La3+ was added to Pb(Zr0.91Ti0.09)O3 AFE ceramics, and a slim P-E
loop with high energy efficiency of 92% was obtained at 170 kV/cm [218]. Based on a similar idea, a slim
double hysteresis loop with both high energy density of 9.5 J/cm3 and high energy efficiency of 92% was
achieved at 720 kV/cm for a 0.55(Na0.5Bi0.5)TiO3-0.45(Sr0.7Bi0.2)TiO3 relaxor AFE MLCC, as shown in
Figure 2.26(b) [7].

2.3.4 Temperature Stability
Some modern power applications such as power converters and underground gas/oil exploration
equipment, require capacitors that can be operated at high temperature (e.g. >150 °C) [219]. Polymers and
ceramics are two mainstay materials of present electrostatic capacitors. In general, the polymer capacitors
cannot maintain their energy storage properties at high temperature and high field due to their increased
conductivity and/or softened structure. On the other hand, the ceramics usually have advantages over the
polymers for high-temperature applications due to their inorganic nature. With respect to MLCCs, weak
temperature dependence of the permittivity is desired. Ferroelectrics such as BaTiO3 feature high
permittivity but their permittivity varies drastically when the temperature approaches a phase transition
temperature, which is far from the ideal dielectric behavior of a capacitor. One method of enhancing the
temperature stability of MLCCs is adopting relaxor dielectrics. Unlike the pure FEs, the phase transitions
in relaxors are diffuse and smeared, leading to broad dielectric maxima and enhanced temperature stability.
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Alternatively, the temperature dependence of the permittivity for BaTiO3 can be also modified by creating
core-shell microstructures, in which the core is almost pure FE BaTiO3, while the shell region consists of a
solid solution of BaTiO3 and additives with diffuse phase transitions [11, 21]. By introducing the core-shell
microstructures, the sharp Curie peak is suppressed, and another dielectric peak with a broadened phase
transition that is related to the shell appears at low temperature, leading to relatively temperature-insensitive
permittivity over a wide temperature range [220]. The permittivity-temperature curves of the ceramics with
and without core-shell microstructures are compared in Fig. 2.27.
Taking Mg2+ and Ho3+ co-doped BaTiO3 ceramics as an example, the core-shell microstructure formation
process is as follows: 1) Mg2+ reacts with BaTiO3 at low temperatures to form the shell phase; 2) Ho 3+
reacts with the shell phase, and the diffusion of Ho3+ into the core region is suppressed by Mg2+ [221]. The
core-shell BaTiO3-based ceramics with improved temperature stability have been widely used as dielectrics
in MLCCs. In addition to the formation of core-shell microstructures, the rare earth elements with
intermediate ionic radii (Dy, Ho, Er) significantly improve the resistivity and lifetime of BaTiO3-based
ceramics. This can be attributed to their amphoteric behavior as both donor and acceptor dopants in BaTiO3
[222].
At high temperature the resistance of a ceramic capacitor usually decreases, and the associated leakage

Figure 2.27 Temperature stability of permittivity for the dielectrics with (blue line) and without coreshell structure (red line).
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current leads to heat inside the ceramic body, which is harmful to the reliability. Therefore, the ideal
capacitors for high temperature applications should possess both high capacitance and high electrical
resistance at elevated temperature. The product of the resistance and capacitance at a given temperature,
the RC time constant, is usually used for evaluating the high-temperature performance of a capacitor [223].
It is well known that the wide-band-gap materials possess high resistivity at elevated temperature, but their
permittivity is usually low [224]. Therefore, there is a trade-off between the R and C for a given dielectric
at high temperature. For high-temperature energy storage capacitors, wide-band-gap dielectrics such as Ladoped BaZrO3, with outstanding insulation properties that compensate the relatively low permittivity, can
yield a high RC constant and are suitable for high-temperature applications [223].
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Chapter 3 Materials and Methodology
3.1 Raw Materials
Table 3.1 lists the chemicals used in this thesis.
Table 3.1 Chemicals used in this research.
Chemical

Formula

Purity

Supplier

Bismuth oxide

Bi2O3

99.975%

Alfa Aesar

Sodium carbonate

Na2CO3

99.5%

Alfa Aesar

99%

Strem Chemicals

Titanium oxide

TiO2
99.9%

Stanford advanced materials

Tin oxide

SnO2

99.9%

Alfa Aesar

Strontium carbonate

SrCO3

99.9%

Sigma-Aldrich

Niobium oxide

Nb2O5

99.99%

Stanford advanced materials

Zirconium oxide

ZrO2

99.7%

Alfa Aesar

Copper oxide

CuO

98%

Sigma-Aldrich

Ethanol

C2H5OH

100%

Chem-Supply

3.2 Preparation of Ceramics
All the ceramics were prepared via convention solid-state reaction. A typical preparation procedure is in
the following:
(1) The raw materials were weighed stoichiometrically according to the chemical formula of the final
product.
(2) The mixture was loaded into nylon ball-milling jars. Adding yttrium stabilized zirconia balls and ethanol
were added into the ball-milling jars as the ball-milling medium.
(3) Ball-milling at 500 rpm for 12 h.
(4) The slurry was dried, ground and passed through a sieve with an aperture of 250 μm.
(5) The sieved powder was put into an alumina crucible with a lid and calcined at 850 °C– 950 °C
(depending on the composition) for 2 h in a muffle furnace.
(6) The calcined powder was ball milled at 500 rpm for 24 h with yttrium stabilized zirconia balls and
ethanol. 0.1 wt% binder was added into the slurry two hours before the end of ball milling.
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(7) The slurry was dried, ground and passed through a sieve with an aperture of 150 μm.
(8) The sieved powder was pressed into pellets under uniaxial pressure. The pellets were then put into a
furnace and heated slowly (1 °C/min) up to 600 °C to remove the organic binder. After binder burn-out,
some pellets were cold isostatically pressed under 300 MPa for 10 min.
(9) The pellets were put onto platinum foil together with some sacrificial powder with a composition the
same as that of the pellets. The sintering was conducted in a high-temperature muffle furnace in the
temperature range of 1100 °C to 1350 °C for 2 h, depending on the composition.
(10) The sintered pellets were cut, ground, polished and electroded for measurements.

3.3 Material Characterization Techniques
3.3.1 Powder X-ray Diffraction (XRD)
X-ray diffraction (XRD) is a basic method of characterizing the phase structure of materials. When the
incident angle of the X-ray (θ) and the interplanar spacing of the lattice plane (hkl) (dhkl) satisfy the Bragg
Law:
2𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃 = 𝑛𝜆

(3.1)

the diffracted X-rays constructively interfere and can be detected. Since the interplanar spacing dhkl values
of different lattice planes are different, the diffraction patterns of the sample can be used to distinguish the
different lattice planes, and the lattice structure can be obtained. The parameters λ and n in Equation (3.1)
are the wavelength of the X-rays and the order of reflection, respectively. In this thesis, all XRD patterns
were collected using a GBC MMA diffractometer or a PANalytical Empyrean X-ray diffraction
goniometer, both with Kα radiation, where the wavelength is 1.540562 Å.

3.3.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is widely used in structural and topographical characterizations of
materials. A focused high-energy electron beam is used to scan the sample and generate images. The
electrons interact with the atoms and generate various types of signals, containing information on the
surface topography and chemical composition of the samples. The electron beam is scanned in a raster scan
pattern, and the position of the electron beam and the intensity of the generated signals are used to produce
images. In this thesis, SEM images of samples were collected by a field emission scanning electron
microscopy (FESEM, JSM-7500FA, JEOL, Japan) in the Electron Microscopy Centre in University of
Wollongong.
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3.3.3 Dielectric-Temperature Measurement
Dielectric-temperature measurement is conducted by measuring the capacitance and loss tangent of the
sample in wide temperature and frequency ranges. The temperature is usually changed constantly at a slow
rate, and the capacitance and loss at discrete frequencies are recorded at a specified temperature interval.
The dielectric-temperature measurement provides information such as the permittivity, loss, phase
transitions and relaxor characteristics of the sample. In this thesis, the dielectric-temperature curves were
collected by two dielectric measurement systems (PK-CPT1504, PolyK Tech., USA and TZDM-RT-800,
Harbin Julang Tech., China) both consisting of a programmable furnace (-150 °C– 200 °C and room
temperature to 800 °C, respectively) and a inductance-capacitance-resistance (LCR) meter (4980AL,
Keysight, USA).

3.3.4 Impedance Spectroscopy
Impedance spectroscopy is another powerful tool to characterize the dielectric behavior of a sample.
Similar to dielectric-temperature measurement, impedance spectroscopy is also conducted by a system
consisting of an oven and an LCR meter or impedance analyzer. The difference between them is that in
impedance measurements, the frequency varies consistently, and the impedance data are recorded at
discrete temperatures. The temperature is usually high to achieve detectable impedance data from ceramic
samples. Impedance spectroscopy can be used to characterize the insulation properties, relaxation
mechanisms, activation energy and conduction species [1]. In this thesis, the impedance spectra were
obtained by a dielectric measurement system (TZDM-RT-800, Harbin Julang Tech., China).

3.3.5 Ferroelectric Measurements
Ferroelectric measurements, mainly measuring P-E loops under various conditions, are widely used in
characterizing ferroelectric and related materials. The ferroelectric measurement system is based on a
modified Sawyer-Tower circuit, in which an AC voltage is applied on an electroded sample and the
voltage/charge change across a linear capacitor in series with the measured sample is recorded and plotted
on an oscilloscope. The shape of the P-E loop gives a hint of the type of measured sample, as shown in
Figure (2.3). The P-E loop provides some important parameters of the measured sample such as coercive
field (Ec), remnant polarization (Pr), maximum polarization (Pmax) and the electric fields inducing AFE-FE
or FE-AFE phase transitions in AFE materials, which can be used to calculate the energy storage properties,
as shown in Figure (2.1). In this thesis, the ferroelectric measurements were conducted on two ferroelectric
measurement systems (PK-CPE1701, PolyK Tech., USA and aixPES, aixACCT systems GmbH,
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Germany). In addition to measuring P-E loops at room temperature, the P-E loops were also measured at
various temperatures and in various cycles to characterize the temperature stability and cycling reliability
of the sample, respectively.

3.3.6 Breakdown Measurements
The dielectric breakdown strength (BDS) is the maximum electric field that the dielectric can withstand,
and therefore, it characterizes the reliability of a dielectric capacitor. In practice, a DC voltage is ramped at
a rate of 500 V/s and applied on the samples until breakdown occurs. The breakdown voltage is recorded
and converted to BDS by dividing by the sample thickness. Weibull analysis is usually used to characterize
the failure of materials. The cumulative distribution function of two-parameter Weibull distribution is given
by:
𝑃(𝐸𝑖 ) = 1 − exp [− (

𝐸𝑖 𝑚
) ]
𝐸𝑏

(3.2)

where P(Ei) represents the cumulative breakdown probability for a certain electric field, Ei is the breakdown
strength of the ith sample, Eb is the Weibull characteristic BDS, and m is the Weibull modulus, which is a
measure of the scattering of the data. The higher the m, the less scattered the data are. A typical Weibull
analysis procedure on the BDS of ceramic samples is as follow [1]:
(1) The BDSs of the individual samples are sorted in ascending order: E1 < E2 <…< Ei < …En.
(2) Then, the breakdown probability of the ith sample is estimated by one of the estimators: i/(n + 1), (i 0.5)/n, (i - 0.3)/(n + 0.4), and (i – 0.375)/(n + 0.25). The first one is the most popular, but it was reported
that it introduces significant errors [2, 3]. In this thesis, the third estimator was used.
(3) Converting Equation (3.2) and defining two parameters:
𝑋 = ln(𝐸𝑖 )
𝑌 = 𝑙𝑛 {𝑙𝑛 ([

1
])}
1 − 𝑃(𝐸𝑖 )

(3.3)
(3.4)

According to Equation (3.2), X and Y should have a linear relationship. By linear fitting, the slope and the
intercept can be determined, and the Weibull modulus m and Weibull characteristic BDS Eb can be
calculated. In this thesis, the breakdown measurements were performed via a ferroelectric/breakdown
measurement system (PK-CPE1701, PolyK Tech., USA).

3.3.7 Charge-Discharge Measurements
A schematic diagram of the electric circuit used for charge-discharge measurements is shown in Figure
3.1(a). The sample is charged by an external voltage source, and the stored energy is discharged to a load
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Figure 3.1 (a) Schematic illustration of capacitor charge-discharge circuit. (b) The current passed
through the load resistor RL and the calculated discharged energy density as functions of time. The
discharge peak current Ipeak denotes the maximum current during the discharge process. The discharge
time t0.9 denotes the time required for the discharged energy density to reach 90% of the final value
from the discharge profile.
resistor (RL) through a high-voltage switch. The current passing the load resistor is recorded by an
oscilloscope, and the current-time relationship resembles the blue curve in Figure 3.1(b). The current first
rises to a peak value (Ipeak) and then decays in an exponential fashion with respect to time. The discharged
energy density (Wdis) can be calculated by Equation (2.7). Another key parameter is t0.9, which represents
the time at which 90% of the stored energy in the sample has been discharged to the RL. In this thesis, the
charge-discharge measurements were performed using a capacitor charge-discharge system (PK-CRP1701,
PolyK Tech., USA).

3.3.8 Capacitance-Voltage Measurements
In addition to the linear dielectrics, the other dielectrics such as FEs and AFEs have a field-dependent
nonlinear permittivity. Therefore, measuring the permittivity and loss under various bias is a method for
distinguishing different types of dielectrics. For example, the permittivity of FEs decreases as the electric
field increases, while AFEs exhibit the opposite trend [4]. In addition, the polarization of some relaxors
tends to saturate at high electric fields. The dielectrics with high tunability, however, are not beneficial for
energy storage applications because their achievable energy density is limited. Therefore, the varying
degree of permittivity as the electric field changes, or tunability is important for evaluate a relaxor’s energy
storage potential. In this thesis, the capacitance-voltage (C-V) measurements were conducted using a
ferroelectric measurement system (aixPES, aixACCT systems GmbH, Germany).
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Chapter 4 Ultra-High Energy Storage Performance With
Mitigated Polarization Saturation in Lead-Free Relaxors
This chapter is based on the following published article:
L. T. Yang, X. Kong, Z. X. Cheng, S. J. Zhang. Ultra-high energy storage performance with mitigated
polarization saturation in lead-free relaxors. Journal of Materials Chemistry A. 2019;7:8573-80.

4.1 Introduction
Driven by the increasing demand for utilizing renewable energy sources such as wind and solar energies,
energy storage devices (ESDs) for collecting and storing the electrical energy generated from these sources
have received much attention [1]. Compared to other ESDs such as batteries and supercapacitors, dielectric
capacitors possess the advantages of high operational voltage, good cycling stability, and low cost [2-4]. In
addition, their inherent high charge/discharge rate, i.e., high power density, makes dielectric capacitors
essential in modern high-power electrical and electronic applications. One of the main drawbacks of the
dielectric capacitors, however, is their low energy density, which hinders their usage in devices where
miniaturization and lightweight are required [5]. Generally, the energy density (W and Wrec) and energy
efficiency (η) of dielectric materials can be calculated via P-E loops, as shown in Figure (2.1) by using
Equation (2.4) and (2.6), respectively. Based on the above equations, it can be deduced that the dielectrics
with high Pmax, low Pr, and large breakdown strength (BDS) are desirable for energy storage applications.
Polymers and ceramics are mainstay materials dominating the dielectric capacitors. Polymers possess
low permittivity and high BDS, so that they can exhibit high energy density only at a very high electric
field, which limits their applications on wearable or implanted devices which are usually operated under a
low voltage [6]. In addition, many commercial polymer capacitors such as biaxially-oriented polypropylene
(BOPP) cannot maintain their energy storage performance at elevated temperatures due to the increased
losses and/or softened structure. On the contrary, ceramics have relatively high permittivity but low BDS,
their rigid structure enables them to keep working under high temperature. Among the ceramic dielectrics,
relaxor ferroelectrics (relaxors) are promising candidates for energy storage because they possess high
permittivity, slim P-E loops, and medium BDS [4]. Different from classical ferroelectrics, relaxors exhibit
a smeared and diffused dielectric peak over a broad temperature range, leading to a temperature-stable
dielectric plateau [7], hence possesses better thermal stability while their permittivity is still high. In
addition, instead of classical ferroelectric domains, the polar nanoregions (PNRs) associated with their
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structural heterogeneity exist in relaxors [8]. The PNRs are highly dynamic and sensitive to external stimuli
such as electric field, leading to greatly reduced Pr in relaxors when compared to their ferroelectric
counterparts. Many extensively studied relaxors are lead-based, such as Pb(Mg1/3Nb2/3)O3 (PMN) [7]and
Pb(Sc0.5Ta0.5)O3 (PST) [9, 10]. However, the toxic lead component arouses environment and human health
concerns, which is the driving force for the development of lead-free systems [11]. In the last decades,
many efforts have been made to develop lead-free relaxor systems such as BaTiO3 (BT)-, (K0.5Na0.5)NbO3
(KNN)- and (Na0.5Bi0.5)TiO3 (NBT)-based ceramics [12-21]. For example, energy storage Wrec up to 2.41
J/cm3 was achieved in BT-Bi(MIMII)O3 (MI = Zn, Mg; MII = Ti, Sn, Nb, Ta) ceramics [12-14], while
0.9(K0.5Na0.5)NbO3-0.1Bi(Mg2/3Nb1/3)O3 (0.9KNN-0.1BMN) ceramics showed a high recoverable energy
density (4.08 J/cm3) with a low energy efficiency of 62.7% [18]. However, an obvious drawback of relaxors
for energy storage applications is that the polarization tends to saturate at high electric fields prior to their
respective dielectric breakdown strengths. The early saturation of polarization is not beneficial for energy
storage because the increased rate of energy density slows down when the polarization approaches
saturation [4]. In addition, high-permittivity dielectrics generally possess large dielectric tunability, where
the permittivity decreases significantly as the electric field increases [22, 23]. However, this large dielectric
tunability negatively impacts the energy storage performance, since the high permittivity obtained from the
small-signal measurement cannot maintain at high electric fields, leading to a reduced slope in P-E curve
at high electric field regions (easy polarization saturation), thus showing an inferior energy storage
performance at high electric fields. Thereupon mitigating the polarization saturation and reducing the
permittivity tunability are potential ways to enhance energy density in relaxor ferroelectrics.
(Na0.5Bi0.5)TiO3-SrTiO3 (NBT-ST) relaxor ceramics have been actively studied [24, 25]. However, the
energy density of this system is limited because of the early polarization saturation [26]. In the present
work, Sn4+ cations were used to partially substitute Ti4+ cations in 0.5NBT-0.5ST relaxor ceramics. To
clearly demonstrate the modification effect, a more general formula (Na 0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 is used in
this paper. The mitigated polarization saturation is observed as Sn4+ concentration increases. Of particular
importance is the ceramic with 20% Sn4+ concentration exhibits a temperature- and field-independent
permittivity characteristic, together with its high BDS, leading to a very high recoverable energy density of
3.4 J/cm3 at 310 kV/cm with a high energy efficiency of 90%.

4.2 Experimental Section
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(Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics with x = 5%, 10%, 15%, 20%, 25% (abbreviated as Sn100x) were
prepared via a conventional solid-state method. The raw chemicals Na2CO3, Bi2O3, SrCO3, TiO2, and SnO2
were baked at 150 °C for 12 h to remove the absorbed moisture then weighed according to the corresponding
chemical formula and ball-milled with anhydrous ethanol as the medium for 12 h. Then the slurries were
dried, grinded and sieved into powders. The powders were calcined at 850 °C for 2 h. The calcined powders
were ball-milled again for 22 h. After adding Rhoplex binder, the slurries were ball-milled for another 2 h.
The slurries were dried, grinded, sieved and pressed into green pellets under a uniaxial pressure of 75 MPa,
followed by binder burn-out at 550 °C for 2 h. The pellets were buried in the self-source powders with the
same composition of the pellets and sintered at 1250 – 1270 °C for 2 h. The sintered pellets were cut,
grinded and polished to achieve smooth and parallel surfaces. For small-signal dielectric measurement, the
samples were grinded down to around 0.5 mm. The silver paste was painted on the surfaces of the samples
and fired-on at 550 °C for 30 min. For large-signal measurements such as ferroelectric measurement and
capacitance-voltage measurement, the samples were grinded down to around 0.1 mm and sputtered gold
was used as electrodes.
The phase purity and lattice parameters were determined by powder X-ray diffraction (GBC MMA XRD)
on grounded sintered pellets in the 2θ range of 20 – 60 degree with a scan rate of 3 degree/min. The
microstructures of the samples were examined by a field emission scanning microscopy (JSM-7500FA,
JEOL) on the polished and thermally etched surfaces. The permittivity and loss as functions of temperature
and frequency were measured using a dielectric measurement system (PK-CPT1504, PolyK) connecting a
precision LCR meter (Keysight 4980AL) from 25 – 200 °C under the frequency from 102 to 106 Hz. The PE loops and C-V curves of the ceramics were measured using a ferroelectric measurement system (TF2000,
aixACCT). The BDS values of samples were measured by applying a ramped DC voltage at a rate of 500
V/s until the sample broke down. The charge-discharge properties were measured via a capacitor chargedischarge system (PK-CRP1701, PolyK).

4.3 Results and Discussion
4.3.1 Phase and Microstructure Characterizations
The XRD patterns are shown in Figure 4.1(a). All the ceramics exhibit a single perovskite phase with
pseudocubic structure evidenced by single (111)/(200) peaks. The relative densities of all ceramics are
above 95% to the corresponding theoretical densities. The enlarged (200) peaks are shown in Figure 4.1(b).
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Figure 4.1 (a) XRD patterns of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics. (b) The enlarged (200) peaks
of the ceramics. (c) The calculated lattice parameter a as a function of the Sn4+ concentration.
The peak position shifts to lower angles as Sn content increases, indicating the lattice expands. This can be
attributed to the fact that substituting Ti4+ cations (0.605 Å) with larger Sn4+ cations (0.69 Å) in B sites [27].
The calculated lattice parameter as a function of Sn content is presented in Figure 4.1(c). The lattice
parameter increases monotonically as Sn content increases up to Sn concentration of 25%.
The SEM images on the fracture surfaces of the sintered ceramics are shown in Figure 4.2. The Sn20 and
Sn25 ceramics possess less porosity than others, indicating denser structure. The grain size changes little
as Sn content varies, being 3.0 μm and 2.7 μm for Sn0 and Sn25, respectively. Of particular interest is that

Figure 4.2 SEM images of fracture surfaces for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics. (a) x = 0. (b) x
= 5%. (c) x = 10%. (d) x = 15%. (e) x = 20%. (f) x = 25%.
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the fracture mode changes from transgranular for Sn0 – Sn15 to intergranular for Sn20 and Sn25, indicating
the enhanced grain strength for high Sn content ceramics. It was reported that the fracture mode of dense
ceramics shifts from transgranular to intergranular mode as grain size decreases [28, 29], which is consistent
with these microstructure observations.

4.3.2 Dielectric, Ferroelectric and C-V Characterizations
The temperature dependence of the dielectric properties of the ceramics measured at different frequencies
over the temperature range of 25 °C to 200 °C is shown in Figure 4.3. The room-temperature permittivity
at 1 kHz decreases from 3370 for Sn0 to 500 for Sn25. The reduced permittivity can be attributed to two
factors: 1) the ionic polarizability difference between Ti 4+ (2.93 Å3) and Sn4+ (2.83 Å3) [30]; 2) the ionic
radius difference between Ti4+ (0.605 Å) and Sn4+ (0.69 Å). The large Sn4+ cations compress the oxygen
octahedral in which the B-site cations “rattle”, so that the permittivity decreases [31]. In addition, the roomtemperature dielectric loss decreases as Sn content increases. The decreased loss is beneficial for reducing
the generated heat and the possibility of thermal breakdown during operation [4]. All the ceramics exhibit
frequency dispersion behavior and the diffusion coefficients are found to be higher than 1.5, indicating
relaxor characteristics [32]. It was reported that NBT-ST solid solutions exhibited relaxor behavior due to
the existence of polar nanoregions (PNRs) [24, 33], which are related to the charge and structural
heterogeneities that result from the different ions occupying equivalent lattice sites [8]. In
(Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics, Na+, Bi3+, and Sr2+ occupy the A-sites, while Ti4+ and Sn4+ occupy
the B-sites in the perovskite structure, so that the ceramics show strong relaxor characteristics. The
dielectric maxima peaks become smeared and broader as the Sn4+ concentration increases over the studied
temperature range, benefiting applications where high thermal stability is required.
The P-E loops of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics were measured at 150 kV/cm and are shown in
Figure 4.4(a). All ceramics exhibits slim P-E loops, which is a characteristic of relaxors. As the Sn content
increases, the P-E loops become more slanted with reduced Pmax values. The reduced Pmax values at the
same electric field are consistent with the decreased permittivity at room temperature as Sn content
increases. It should be noted that the P-E loop of Sn0 seems to be saturated at 50 kV/cm, that is, the increase
in polarization is slower with a smaller slope in the high-field region. While as the Sn content increases, the
polarization saturation is weakened as Sn content increases as that Sn20 and Sn25 exhibit near-linear P-E
loops with negligible hysteresis. The ratio of Pmax at the various electric field and Pmax at 100 kV/cm,
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Figure 4.3 Temperature dependence of the permittivity and dielectric loss of (Na0.25Bi0.25Sr0.5)(Ti1xSnx)O3

ceramics measured at frequencies from 100 Hz to 1 MHz. (a) x = 0. (b) x = 5%. (c) x = 10%.

(d) x = 15%. (e) x = 20%. (f) x = 25%.
Pmax(E)/Pmax(100) is used to clearly characterize the mitigated polarization saturation. As shown in Figure
4.4(b), the slope of Pmax(E)/Pmax(100) increases as Sn content increases, indicating that the increase rate of
low-Sn-content samples such as Sn0 is significantly reduced at high electric field, even they have relatively
high polarization at low electric field. The mitigated polarization saturation can also be verified by C-V
measurement in which the permittivity was measured under a small signal superimposed a DC bias. The
normalized permittivity-electric field curves for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics are shown in Figure
4.4(c). The permittivity of Sn0 changed drastically as the electric field varies, exhibiting a large tunability
while the permittivity of Sn25 is almost field-independent. Therefore, the high permittivity of Sn0 measured
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Figure 4.4 (a) The P–E loops of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics at the electric field of 150
kV/cm. (b) The change in the normalized Pmax for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics as a function
of electric field. The Pmax values are normalized to the Pmax values at 100 kV/cm for each ceramic. (c)
The change in the normalized permittivity for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics with respect to
the electric field. The permittivities are normalized to the values at zero electric field for each ceramic.
under small-signal cannot maintain at high field and the polarization saturated, limiting the achievable
energy density.
The mitigated polarization saturation can be attributed to the different electronic configurations of Ti 4+
and Sn4+, which belong to the IVB and IVA groups in the periodic table, respectively. Ti4+ ions have the
empty d0 configuration, while Sn4+ ions have the full d10 configuration. The hybridization between Ti 3d
states and O 2p states is believed to be essential for ferroelectricity [34]. Based on the pseudo Jahn-Teller
effect, ABO3 perovskites with B-site ions possessing the electronic d10 configuration are not expected to
possess ferroelectricity [35]. Thus, replacing Ti4+ with Sn4+ may lead to decreased ferroelectricity and its
associated dielectric tunability and polarization saturation. Thus, the polarization saturation trend and
dielectric tunability are weakened as x increases in the (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 system, where the
ceramics with high x are desirable for energy storage application because of their medium permittivity and
delayed polarization saturation [4, 5]. Of particular importance is that a dielectric with medium permittivity
is expected to possess higher dielectric breakdown strength when compared to its counterparts with high
permittivity, which is the most important parameter controlling the energy storage performance.

4.3.3 Energy Storage Performance
The dielectric breakdown strength (BDS) is one of the key parameters benchmarking the performance of
dielectric capacitors for energy storage applications. The Weibull distribution has been widely used for
analyzing the failure of materials and is employed here to characterize the BDS of (Na0.25Bi0.25Sr0.5)(Ti1-
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Figure 4.5 (a) Weibull distribution of breakdown strength for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics
at room temperature. (b) The corresponding Weibull characteristic BDS values of the ceramics.
xSnx)O3

ceramics. The details of Weibull distribution and the procedure of characterizing the BDS of

ceramics via Weibull distribution are provided in Section 3.3.6. The Weibull distribution of
(Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics and the Weibull characteristics BDS as a function of Sn content are
shown in Figure 4.5. The Weibull moduli of all fitting are higher than 10, indicating the low dispersion of
the data. The Weibull characteristics BDS increases from 230 kV/cm for Sn0 to 380 kV/cm for Sn25. The
enhancing BDS as Sn content increases can be attributed to the following factors: 1) There is less porosity
and reduced grain size in the ceramics with high Sn4+ concentration, since the BDS of ceramics increases
greatly as the porosity and grain size decrease [4, 36, 37]. 2) As shown in Figure 4.3, the dielectric loss at
room temperature decreases as the Sn4+ concentration increases. The lower dielectric loss corresponds to
less generated heat, resulting in less possibility of thermal breakdown [4, 38]. 3) The increased BDS can be
partially explained by the negative relationship between the permittivity and the BDS of dielectrics, where
higher permittivity will induce the larger electrostrictive strain responsible for electromechanical
breakdown [39, 40].
The energy storage performance of the ceramics were examined by measuring P-E loops. The unipolar
P-E loops of the (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics at their corresponding maximum applied electric
field are shown in Figure 4.6(a). For the samples with low Sn content, i.e. x = 0% – 15%, the polarization
saturates at high electric field. While for the samples with high Sn content, Sn20 and Sn25, the polarization
increases almost linearly with increasing electric field, indicating the mitigated polarization saturation in
these two samples. The P-E loops for the Sn20 ceramic at various electric fields, along with Pmax, Pr, and
their difference ΔP, are shown in Figure 4.6(b). The Pmax of Sn20 ceramic increases almost linearly as the
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electric field increases, while the Pr is almost unchanged, leading to high ΔP and high energy storage
properties at high electric field. The W, Wrec, and η as functions of electric field for (Na0.25Bi0.25Sr0.5)(Ti1xSnx)O3

ceramics are shown in Figure 4.6(c). It can be seen that the field dependence of W and Wrec for the

ceramics with low Sn4+ concentration is linear, indicating the existence of polarization saturation [5], while
the curves of Sn20 and Sn25 are near parabolic, showing similar behavior to linear dielectrics. In addition,

Figure 4.6 (a) Unipolar P–E loops of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics at the electric fields just
prior to their corresponding BDSs. (b) P-E loops of Sn20 ceramic at various electric fields. The inset
shows the electric field dependence of the maximum polarization (Pmax), the remnant polarization (Pr),
and their difference ΔP. (c) The stored energy density (W), recoverable energy density (Wr), and energy
efficiency (η) for (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics as functions of electric field. (d) Comparison
of Wrec and η between some reported lead-free ceramics and Sn20.
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the polarization saturation in the samples with low Sn4+ concentration leads to a more rapid decrease in the
energy efficiency as a function of electric field, when compared to their counterparts with high Sn4+
concentration. Considering the trade-off between polarization/permittivity and BDS, the highest
recoverable energy density of 3.4 J/cm3 is achieved at 310 kV/cm in Sn20 ceramic. Its medium and fieldstable permittivity, together with its high BDS, accounts for its greatly enhanced energy density. Of
particular significance is that the variation in energy efficiency is minimal as electric field increases, from
91% at 100 kV/cm to 90% at 310 kV/cm. Figure 4.6(d) compares the energy storage performance of Sn20
ceramic and other recently reported lead-free relaxor and antiferroelectric ceramics [13-15, 18, 32, 41-51].
The Sn20 ceramic exhibits high recoverable energy density and energy efficiency simultaneously, being on
the order of 3.4 J/cm3 and 90% respectively, which are superior to those of other reported lead-free systems.
Thermal stability and cycling stability are of vital importance for energy storage capacitors in practical
applications. The thermal stability of Sn20 capacitor was evaluated by measuring the P-E loops at a fixed
electric field of 150 kV cm-1 over the temperature range of -20 °C to 150 °C. The calculated Wrec and η
under various temperatures are shown in Figure 4.7(a). Compared to the values at room temperature, the

Figure 4.7 (a) P-E loops at 150 kV/cm and over the temperature range from of -20 °C to 150 °C. (b) PE loops at 150 kV/cm after various cycles. (c)Wrec and η at 150 kV/cm as functions of temperature. (d)
Wrec and η at 150 kV/cm for Sn20 as functions of cycle number up to10 5.
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variations in both Wrec and η are minimal (< 4% and < 5%, respectively), indicating that the Sn20 capacitors
have great thermal stability, which is attributable to their temperature- and field-independent permittivity.
Figure 4.7(b) shows the cycling stability of Sn20 capacitor up to 10 5 cycles. The calculated Wrec and η are
almost unchanged up to 104 cycles, but then vary slightly (~8%) up to 105 cycles. The variation is thought
to be related to the mechanical stress induced by the switching of ferroelectric polar regions at high electric
field [32].

4.3.4 Charge-Discharge Characteristics
A high charge-discharge rate and power density are crucial for the ceramic capacitors used in high-power
and pulse-power applications. Charge-discharge measurements were performed using a resistancecapacitance circuit, as shown in Figure 3.1(a), to evaluate the pulse-power performance of the Sn20 sample.
The capacitor was first charged by an electric field of 200 kV/cm, and then through a high-voltage switch,
the stored energy was discharged to a load resistor (RL = 2 kΩ) in series with the capacitor. As shown in
Figure 4.8, the discharged energy density is 1.59 J/cm3 (0.076 Wh/kg), which is slightly lower than the
value obtained from P-E measurements (1.66 J/cm3). This can be explained by the different mechanisms of

Figure 4.8 The discharged energy density as a function of time for the Sn20 capacitor. The applied
electric field is 200 kV/cm, and the load resistor is 2 kΩ. The discharge time t0.9 is the time at which
90% of the stored energy in the capacitor has been discharged to the load resistor.
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the dynamic charge-discharge measurements and the quasistatic P-E measurements. In the chargedischarge measurements, the discharge process occurs on the microsecond or nanosecond scale, while the
P-E loops are usually measured under low frequency (1 – 100 Hz) and on the millisecond scale [52, 53].
The discharge time t0.9 is usually used to evaluate the discharge speed of a capacitor. It is defined as the
time for the discharged energy to reach 90% of the final value. The t0.9 of the Sn20 capacitor is 0.63 μs for
a 2 kΩ load resistor. The power density at 0.63 μs is 390 MW/kg, demonstrating that the Sn20 capacitor
possesses great potential for high-power applications.

4.4 Conclusion
In summary, the energy storage performance of (Na0.25Bi0.25Sr0.5)(Ti1-xSnx)O3 ceramics has been
investigated. A high recoverable energy density of 3.4 J/cm3 and an energy efficiency of 90% are achieved
simultaneously at 310 kV/cm in the sample with x = 20%. This good energy storage performance is
attributed to its delayed polarization saturation and reduced permittivity tunability, which is induced by
substituting d10 Sn4+ cations for d0 Ti4+ cations, resulting in weakened ferroelectricity. The ceramic also
exhibits satisfactory thermal and cycling stability as well as a high charge-discharge rate. All these
advantages indicate that the (Na0.25Bi0.25Sr0.5)(Ti0.8Sn0.2)O3 ceramic is a promising candidate for high-power
energy storage applications. In addition, the strategy of delaying the polarization saturation in ferroelectric
materials provides a good paradigm to develop new dielectric ceramics for energy storage capacitors.
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Chapter 5 Sodium niobate-based relaxors for energy
storage applications
5.1 Introduction
Lead-free ceramics for energy storage applications have attracted much attention due to their high power
density, excellent temperature and mechanical stability, and environmental-friendliness [1-4]. Their energy
density and efficiency can be calculated via polarization-electric field (P-E) loops of the ceramics, as shown
in Figure 2.1. Among the various dielectrics, relaxors are among the most promising candidates for energy
storage applications, due to their high permittivity, moderate breakdown strength (BDS), and slim P-E
loops, as shown in Figure 2.3. The widely studied lead-free relaxor systems include the BaTiO3 (BT)-based,
(Na0.5Bi0.5)TiO3 (NBT)-based, (K0.5Na0.5)NbO3 (KNN)-based systems, and others as well. There have been
many studies of BT-based relaxors based on BT-Bi(M',M")O3 solid solutions [5-12]. For example, a high
recoverable energy density (Wrec) of 2.41 J/cm3 and a high energy efficiency (η) of 91.6% were achieved in
0.85BaTiO3-0.15Bi(Zn0.5Sn0.5)O3 relaxor ceramics at 230 kV/cm [12]. The 0.55(Na0.5Bi0.5)TiO30.45(Sr0.7Bi0.2)TiO3 bulk ceramic exhibited a high Wrec of 2.5 J/cm3 together with a high η of 95% under a
field of 200 kV/cm [13]. Compared to the perovskite titanates, relatively few studies have focused on
perovskite niobates [14-16]. By introducing the Bi-containing endmember Bi(Mg2/3Nb1/3)O3 and reducing
the grain size down to the submicron scale, Shao et al. prepared 0.9(K0.5Na0.5)NbO3-0.1Bi(Mg2/3Nb1/3)O3
ceramic and obtained a high Wrec of 4.08 J/cm3 at 300 kV/cm but the η of 62.7% was relatively low [14]. It
is worth noting that preparing dense and fine-grained niobate ceramics such as KNN and NaNbO3 by the
conventional solid-state method is challenging [17, 18], which may be one of the reasons why so few
niobate ceramics have been investigated.
Sodium niobate (NaNbO3, NN) features a series of complex phase transitions with temperature and
exhibits antiferroelectricity at room temperature [19, 20]. Previous studies on NN for energy storage
applications focused on its antiferroelectricity, because the antiferroelectrics (AFEs) with unique double
hysteresis loops are also promising candidates for energy storage applications [3]. There is a metastable
ferroelectric (FE) phase, however, with a free energy that is close to that of the AFE phase. The metastable
FE phase makes the field-induced AFE-FE phase transition irreversible, leading to square or pinched P-E
loops instead of the double hysteresis loops observed in NN-based dielectrics [21-23]. Therefore, the NNbased AFE ceramics usually exhibit inferior energy storage properties [24, 25]. Recently, there have been
some studies focused on NN-based relaxors for energy storage applications [15, 16, 26, 27]. By introducing
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a Bi(Mg2/3Nb1/3)O3 endmember to construct random local fields and disrupt long-range ordering, the fieldinduced FE phase stability was reduced significantly, and slim P-E loops were observed in 0.85NaNbO30.15 Bi(Mg2/3Nb1/3)O3 [15]. As a result, the optimal Wrec and η were obtained at 300 kV/cm, being 2.4 J/cm3
and 90%, respectively. Zhou et al. employed another strategy that involved introducing A-site vacancies
associated with doping aliovalent Bi3+ cations to destabilize the FE phase [16]. The 10% Bi3+-doped NN,
(Na0.7Bi0.1)NbO3, exhibited typical relaxor characteristics such as the frequency-dependent permittivity and
slim P-E loops. The Wrec and η of this ceramic were 3.44 J/cm3 and 85.4% at 250 kV/cm, respectively [16],
indicating that the strategy of introducing aliovalent cations and the associated A-site vacancies is an
effective way to enhance the relaxor characteristics and energy storage properties of NN-based ceramics.
In this study, a similar strategy was employed to prepare the NN-based relaxors. First, equal amounts of
Bi3+ and Zr4+ were doped into the sodium niobate to substitute for Na+ in A-sites and Nb5+ in B-sites,
respectively, leading to the general chemical formula (Na1-2xBix)(Nb1-xZrx)O3 (BZ100x). The number of Asite vacancies in this structure is half of those in solely Bi-doped NN ((Na1-3xBix)NbO3) relaxors at the same
doping level, which may be beneficial to improve the structural stability and the associated energy storage
properties. The (Na0.84Bi0.08)(Nb0.92Zr0.08)O3 (BZ8) relaxor ceramic produced by conventional sintering
possesses simultaneously a high Wrec of 2.5 J/cm3 and η of 92% at 260 kV/cm simultaneously. To further
improve the BDS and Wrec, CuO was used as a sintering aid to reduce the sintering temperature and increase
the density. In addition, a special sintering profile was adopted to reduce the generation of vacancies. The
optimized Wrec and η are 4.9 J/cm3 and 88% at 430 kV/cm, respectively, for the BZ8 ceramic with 0.5 wt%
CuO and the special sintering profile.

5.2 Experimental Section
The (Na1-2xBix)(Nb1-xZrx)O3 (x = 4%, 6%, 8%, 10%) ceramics (abbreviated as BZ4, BZ6, BZ8, and BZ10,
respectively) were prepared via a conventional solid-state synthesis method. The raw chemicals Na2CO3,
Bi2O3, Nb2O5, and ZrO2 were baked at 150 °C for 12 h to remove the absorbed moisture, then weighed out
according to the corresponding chemical formula and ball milled with anhydrous ethanol as the medium
for 12 h. Then, the slurries were dried, grinded and sieved into powders. The powders were calcined at 950
°C for 4 h. The calcined powders were ball milled again for 22 h. After adding Rhoplex binder, the slurries
were ball milled for another 2 h. The slurries were dried, ground, sieved, and pressed into green pellets
under a uniaxial pressure of 75 MPa, followed by binder burn-out at 550 °C for 2 h. The pellets were buried
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in their self-source powders with the same composition as the pellets and sintered at 1250 – 1350 °C for 2
h, depending on the composition. The sintered pellets were cut, ground, and polished to achieve smooth
and parallel surfaces. For small-signal dielectric measurements, the samples were ground down to around
0.5 mm. Silver paste was painted on the surfaces of the samples and fired-on at 800 °C for 10 min. For
large-signal measurements such as ferroelectric measurements, the samples were ground down to around
0.1 mm, and sputtered platinum was used for the electrodes.
The phase purity and lattice parameters were determined by powder X-ray diffraction (PANalytical
Empyrean X-ray diffraction goniometer) on ground sintered pellets in the 2θ range of 20 – 80 ° with a scan
rate of 5 °/min. The microstructures of the samples were examined by field emission scanning electron
microscopy (JSM-7500FA, JEOL) on polished and thermally etched surfaces. The permittivity and loss
tangent as functions of temperature and frequency were measured using two dielectric measurement
systems (PK-CPT1504, PolyK Tech., USA and TZDM-RT-800, Harbin Julang Tech., China) connecting a
precision LCR meter (Keysight 4980AL) from -100 – 400 °C in the frequencies ranging from 102 to 106
Hz. The P-E loops of the ceramics were measured using a ferroelectric measurement system (PK-CPE1701,
PolyK Tech., USA). The BDS values of samples were measured by appling a ramped DC voltage at a rate
of 500 V/s until the sample broke down. The impedance spectra were collected via a precision LCR meter
(Keysight 4980AL) from 100 Hz to 1 MHz over the temperature range of 400 – 600 °C. The chargedischarge properties were measured via a capacitor charge-discharge system (PK-CRP1701, PolyK).
For BZ8 ceramics, improved processing techniques were employed. 0.5 wt% CuO as sintering aid was
added to some calcined powder before the second ball-milling process. The pellets with CuO were also
isostatically pressed under 300 MPa for 10 min after the burn-out process. To reduce the dwelling time in
the high temperature region and the associated vacancy generation, a special sintering profile, “RS” (Rampto-Spike), was adopted. The pellets were heated to 1150 °C without a dwell time, cooled down to 800 °C,
and then cooled down to room temperature naturally. The controlled heating and cooling rates were both 5
°C/min.

5.3 Results and Discussion
5.3.1 (Na1-2xBix)(Nb1-xZrx)O3 ceramics by conventional sintering
The XRD patterns of the (Na1-2xBix)(Nb1-xZrx)O3 ceramics produced by conventional sintering are shown
in Figure 5.1(a). All the ceramics exhibit a pure perovskite phase. The theoretical densities of all the
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Figure 5.1 (a) XRD patterns of (Na1-2xBix)(Nb1-xZrx)O3 ceramics. The arrows indicate the superlattice
diffraction peaks. (b) The enlarge (211) peaks for (Na1-2xBix)(Nb1-xZrx)O3 ceramics in pseudocubic unit
cell.
ceramics are higher than 96%. As the Bi/Zr content increases, the split peaks such as (211) peaks in Figure
5.1(b) merge. In addition to the merged peaks, the peak position shifts towards lower angels as the Bi/Zr
content increases, demonstrating that the unit cell volume is expanded. The ionic radii of Na+, Bi3+, Nb5+,
and Zr4+ are 1.39 Å, 1.34 Å, 0.64 Å, and 0.72 Å, respectively, with a coordination number of 12 for A-site
cations and 6 for B-site cations [28]. Although the ionic radius of Bi3+ is a little smaller than that of the host
Na+ cations, the Zr4+ cations are much larger than the host Nb5+ cations. Therefore, it can be expected that
the unit cell volume expands when equal amounts of Bi3+ and Zr4+ are doped into A-sites and B-sites,
respectively. It is worth noting that all the ceramics exhibit AFE characteristic superlattice peaks, as
indicated by the arrows in Figure 5.1(a). These superlattice peaks were also observed in other NN-based
ceramics [16, 29, 30]. SEM images of the samples’ polished and thermally etched surfaces are shown in
Figure 5.2. All the ceramics exhibit dense microstructures with minimal porosity, which is consistent with
their high relative densities (> 96%). The average grain size of each sample is provided in the corresponding
SEM image. As the Bi/Zr content increases, the average grain size increases, which may be related to the
increased A-site vacancy concentration.
The permittivity and dielectric loss for the (Na1-2xBix)(Nb1-xZrx)O3 ceramics as functions of temperature
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Figure 5.2 SEM images of (Na1-2xBix)(Nb1-xZrx)O3 (BZ100x) ceramics. The average grain sizes is given
along with the sample names.
and frequency are plotted in Figure 5.3. The BZ4 ceramic exhibits a dielectric maxima temperature (Tm) at
around 240 °C, which corresponds to the phase transition from the AFE P phase to the AFE R phase [15,
29]. As the Bi/Zr content increases, the Tm shifts to low temperature, and the peak becomes diffuse, which
is a characteristic of relaxors. According to Raevski et al., the (Na1-2xBix)(Nb1-xZrx)O3 solid solutions belong
to group II NN-ABO3 relaxors with Tm values that shift sharply to lower temperature after the ABO3 content
exceeds a critical value [31]. The critical value of (Na1-2xBix)(Nb1-xZrx)O3 solid solutions is between 4% and
6%. The permittivity and loss at room temperature and 1 kHz of the (Na1-2xBix)(Nb1-xZrx)O3 ceramics are
summarized in Table 5.1. All the ceramics show ultralow dielectric loss (< 0.3%) at room temperature and
1 kHz, which is beneficial for reducing the generated heat and the possibility of thermal breakdown during
operation.
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Figure 5.3 Temperature dependence of the permittivity and dielectric loss of (Na1-2xBix)(Nb1-xZrx)O3
(BZ100x) ceramics measured at frequencies from 100 Hz to 1 MHz. (a) x = 4%. (b) x = 6%. (c) x = 8%.
(d) x = 10%.
Table 5.1 Comparison of dielectric and ferroelectric properties for (Na 1-2xBix)(Nb1-xZrx)O3 ceramics.
Dielectric properties
Sample

Ferroelectric and energy storage properties @25 °C, 200kV/cm
@25 °C, 1 kHz
εr

Loss

Pmax (μC/cm2)

Pr (μC/cm2)

Wrec (J/cm3)

η

BZ4

540

0.2%

35

12.9

1.0

21%

BZ6

1340

0.3%

27

1.5

1.8

71%

BZ8

970

0.3%

19

0.5

1.7

94%

BZ10

730

0.2%

14

0.3

1.3

94%

The P-E loops at 200 kV/cm of (Na1-2xBix)(Nb1-xZrx)O3 ceramics are shown in Figure 5.4(a). The BZ4
ceramic exhibits an AFE-like P-E loop, which is related to the AFE nature of NN. The remnant polarization
(Pr) is not zero, and the linear region at low electric field does not appear, indicating the co-existence of the
FE Q phase and the AFE P phase, which is usually observed in NN-based AFEs [29, 30, 32, 33]. As the
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Figure 5.4 (a) P-E loops at 200 kV/cm of (Na1-2xBix)(Nb1-xZrx)O3 (BZ100x) ceramics. (b) The electric
field dependence of Pmax and dPmax/dE for BZ6 ceramic. (c) The electric field dependence of Pmax and
dPmax/dE for BZ8 and BZ10 ceramics. (d) The P-E loops of BZ8 at various electric fields. The inset
shows the Wrec and η as functions of the electric field.
Bi/Zr content increases, the P-E loops become much slimmer, and the relaxor characteristics become
dominant. The composition-induced AFE-relaxor transition may be related to the critical doping value for
the group II NN-ABO3 solid solution. A similar phenomenon was also observed in NaNbO3Bi(Mg0.5Ti0.5)O3 [15] and NaNbO3-SrTiO3 [34] solid solutions. After examining the variation of the
maximum polarization (Pmax) as a function of E for BZ6, the AFE characteristics also appeared in the high
field region, as evidenced by the increased dPmax/dE as the electric field increases in Figure 5.4(b). For an
FE or relaxor, the value of dPmax/dE, which is related to the effective permittivity (εeff), always decreases
as the electric field increases because more and more dipole moments are aligned along the electric field
direction and their contribution to the permittivity decreases as the electric field increases. For AFEs,
however, the original antiparallel polarization orientation in adjacent dipoles can be switched to the electric
field direction by a strong electric field, so that their permittivity increases as the electric field increases in
the AFE state [35]. Here, the dPmax/dE of BZ6 ceramic decreases first and then increases in the high field
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region, indicating its AFE characteristics. In the case of BZ8 and BZ10 ceramics, their dPmax/dE decreases
monotonically with increasing electric field, as shown in Figure 5.4(c), so the relaxor characteristics are
dominant in the two ceramics. Since the permittivity and polarization of BZ10 ceramic are lower than those
of BZ8 ceramic, the latter was chosen for further investigation. The P-E loops of BZ8 at various electric
fields are shown in Figure 5.4(d). All the P-E loops are slim, which is a characteristic of relaxors. The inset
shows the variations of energy storage properties as functions of the electric field. The maximum Wrec is
2.5 J/cm3, and the corresponding η is 92% at 260 kV/cm. Of particular interest is that the η remains above
90% even at high electric field, which is related to the low loss (0.25% at room temperature and 1 kHz) of
the ceramic.
The BZ8 ceramic exhibits excellent energy storage properties, achieving a high Wrec and high η
simultaneously, although the BDS obtained from P-E measurements (260 kV/cm) is relatively low.
According to the analysis in Section 2.3.1, enhancing the BDS of ceramics is an effective way of increasing
the energy density of ceramic capacitors. It was reported that the sodium vacancies are easily generated in
air-sintered NN-based ceramics due to the high sintering temperature and the volatile nature of the sodium
element [36, 37]. To keep the sample electrically neutral, oxygen vacancies are usually generated. Oxygen
vacancies are one of the common defects in perovskite ceramics and have many negative effects on device
reliability, such as fatigue, aging, and degradation [38, 39]. The oxygen vacancies may migrate under a
high electric field and accumulate at or near the ceramic/electrode interface, leading to a high local electric
field and breakdown [40]. Therefore, reducing the sintering temperature and the dwell time in the high
temperature region may be promising ways of improving the energy storage properties.

5.3.2 (Na0.84Bi0.08)(Nb0.92Zr0.08)O3 Ceramic with CuO and Ramp-to-Spike sintering
profile
To reduce the sintering temperature and further improve the energy storage properties of BZ8, 0.5 wt%
CuO was added into the calcined BZ8 powder as a sintering aid, and the CuO-added BZ8 ceramics were
labelled as BZ8-CuO. The optimal sintering temperature of BZ8-CuO ceramics is 1150 °C, which is 125
°C lower than the sintering temperature for pristine BZ8 ceramics. The low sintering temperature is
beneficial for suppressing the possible volatilization of Na and Bi elements as well as the associated oxygen
vacancies. Koruza et al. reported that the sintering mechanism of NN ceramics was different from those of
other ceramics such as Al2O3, ZrO2, and BaTiO3 [41]. In such materials, the microstructure development
trajectories involved rapid densification with negligible grain growth, followed by considerable grain
growth once a critical density was reached. In NN ceramics, however, the initial sintering stage was
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dominant by the grain growth process, and the densification process was activated only later on [41].
Therefore, it is hard to obtain dense NN ceramics with fine grains.
Considering the sintering mechanism of NN ceramics, a Ramp-to-Spike (RS) sintering profile was
employed for CuO-added BZ8 ceramics. A schematic illustration of conventional sintering and RS sintering
profiles is shown in Figure 5.5. These ceramics are referred to as BZ8-CuO-RS1150, while the BZ8
ceramics without CuO additions and prepared by conventional sintering are referred to as BZ8-CS.
A comparison of XRD patterns between BZ8-CS and BZ8-CuO-RS1150 is shown in Figure 5.6(a). There
are negligible differences between the two XRD patterns. The microstructures are compared in Figure
5.6(b). The average grain size for BZ8-CuO-RS1150 is 2.43 ± 0.75 μm, which is lower than that of BZ8CS (3.15 ± 1.3 μm). The smaller grain size of BZ8-CuO-RS1150 is attributed to the low sintering
temperature and the special sintering temperature profile. It was reported that the BDS of ceramics has an
inverse relationship with the grain size [3]. Therefore, the smaller grain size is beneficial for high BDS and
energy storage properties. The relative density of BZ8-CuO-RS1150 is above 96%. The temperature

Figure 5.5 Schematic illustrations of the sintering temperature profiles for conventional sintering and
Ramp-to-Spike.
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Figure 5.6 (a) The XRD patterns of the BZ8 ceramics sintered with conventional sintering (BZ8-CS)
and with 0.5 wt% CuO and Ramp-to-Spike sintering (BZ8-CuO-RS1150). (b) The SEM images of
BZ8-CS and BZ8-CuO-RS1150. The average grain sizes are given along with the sample names. (c)
Temperature dependence of the permittivity and dielectric loss of BZ8-CS and BZ8-CuO-RS1150
ceramics measured at frequencies from 100 Hz to 1 MHz.
dependent dielectric properties of the two ceramics are compared in Figure 5.6(c). The overall trend of the
permittivity as a function of temperature is similar for the two ceramics. The permittivities of the BZ8-CS
and BZ8-CuO-RS1150 at room temperature and 1 kHz are similar, being 970 and 950, respectively. It is
worth noting that the permittivity at 100 Hz for BZ8-CS starts to increase at 325 °C, indicating that
conduction is dominant in the high temperature region. In BZ8-CuO-RS1150 ceramic, however, the critical
temperature is higher than 400 °C, and the permittivity at high temperature region is not affected
significantly. This can be attributed to the lower oxygen vacancy concentration and/or higher activation
energy of conduction, which will be discussed later.
In order to characterize the dielectric strength of the two ceramics, DC breakdown measurements were
performed, and the Weibull distribution function was employed. The Weibull distributions of BZ8-CS and
BZ8-CuO-RS1150 ceramics with thickness around 100 μm are shown in Figure 5.7. The Weibull
characteristic BDSs of the two ceramics are 374 kV/cm and 433 kV/cm, respectively. As expected, the
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Figure 5.7 Weibull distributions of the breakdown strength (BDS) for BZ8-CS and BZ8-CuO-RS1150
ceramics with the thickness of 100 μm. The Weibull characteristic BDSs (Eb) and the Weibull moduli
(m) of the two ceramics are given along with the fitting lines.
BZ8-CuO-RS1150 ceramic with finer grains possesses a higher BDS. The enhanced BDS may also be
related to the reduced conductivity of the BZ8-CuO-RS1150 ceramic due to the lower sintering temperature.
To verify this, impedance spectra were measured for the two ceramics. The impedance complex plane -Z"
– Z' plots at 500 °C of the two ceramics are shown in Figure 5.8(a). A single semicircle is observed in the
measured frequency range for both samples. The low-frequency intercept of the semicircle on the Z' axis
represents the total resistivity of the ceramic, being 210 kΩ·cm for BZ8-CS and 515 kΩ·cm for BZ8-CuORS1150. Arrhenius plots of the total conductivity at various temperatures for the two ceramics are shown
in Figure 5.8(b). The conductivity of BZ8-CuO-RS1150 is lower than that of BZ8-CS at the same
temperature, and the former’s activation energy of conduction is higher than the latter.
The P-E loops of BZ8-CuO-RS1150 under various electric fields are presented in Figure 5.9(a). As the
electric field increases, the P-E loops remain slim, which is beneficial for achieving high Wrec and η. The
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Figure 5.8 (a) Complex impedance spectra of BZ8-CS and BZ8-CuO-RS1150 ceramics. (b) The
Arrhenius plot of the temperature dependence of conductivities for BZ8-CS and BZ8-CuO-RS1150
ceramics. The activation energy of conduction (Ea) for each ceramic is given along with the data points.
Pmax increases monotonically, while the Pr varies little with increasing electric field, as shown in the inset
in Figure 5.9(a). As a result, a maximum Wrec of 4.9 J/cm3 with η of 88% was achieved at 430 kV/cm. The
energy storage properties are superior to those of other lead-free relaxor ceramics [6, 11, 14-16, 27]. The
high Wrec benefits from the high BDS of the ceramic, which is related to the dense microstructure, high
resistivity, and high electrical homogeneity. Of particular importance is that the ceramic can maintain a
high η at a high electric field, which is attributed to the ultralow loss and high resistivity of the ceramic.
For practical applications, high temperature stability and cycling stability are essential. The P-E loops of
BZ8-CuO-RS1150 measured at 150 kV/cm over the temperature range from 25 °C to 125 °C are shown in

Figure 5.9 (a) The P-E loops of BZ8-CuO-RS1150 ceramic at various electric fields. The inset shows
the variations of Pmax and Pr as functions of the electric field. (b) The variations of W, Wrec, and η of
BZ8-CuO-RS1150 ceramic as functions of the electric field.
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Figure 5.10 (a) The P-E loops of BZ8-CuO-RS1150 ceramic at 150 kV/cm over the temperature range
of 25 °C to 125 °C. (b) The variations of Wrec and η at 150 kV/cm of BZ8-CuO-RS1150 ceramic as
functions of the temperature. (c) The P-E loops of BZ8-CuO-RS1150 ceramic at 200 kV/cm after
various cycles. (d) The variations of Wrec and η at 200 kV/cm of BZ8-CuO-RS1150 ceramic as cycle
number.
Figure 5.10(a). As the temperature increases, the Pmax decreases, which may be related to the reduced
permittivity as the temperature increases, as shown in Figure 5.6(c). Although the Pmax and the associated
energy density decrease as temperature increases, the P-E loop remains slim, indicating that the η is still
high over this temperature range. The stable η can be attributed to the high resistivity and activation energy
of conduction for BZ8-CuO-RS1150, which makes the motion of carriers at high temperature difficult. The
calculated Wrec and η as functions of temperature are shown in Figure 5.10(b). The Wrec and η are both stable
with variations of 10% and 3% over the temperature range, respectively. The high temperature stability of
the energy storage properties demonstrates that BZ8-CuO-RS1150 is suitable for high-temperature energy
storage applications. Another important parameter of dielectric capacitors for practical applications is
cycling stability. The P-E loops of BZ8-CuO-RS1150 measured at 150 kV/cm after various cycles are
shown in Figure 5.10(c). The P-E loop shape is almost unchanged after 103 cycles but becomes more
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hysteretic after 104 cycles. In fact, the BZ8-CuO-RS1150 samples broke down or became very leaky before
reaching 105 cycles (not shown here). This phenomenon is associated with the motion of oxygen vacancies
under repeated high electric field [42, 43]. The oxygen vacancies can migrate and accumulate near grain
boundaries during repeated cycles, leading to increased leakage current and deformed P-E loops [42].
Because both sodium and bismuth are volatile at high temperature, the generation of oxygen vacancies is
inevitable, even if the sintering temperature is reduced and a special sintering temperature profile is adopted.
This fatigue phenomenon should be mitigated if the oxygen vacancies can be reduced or fixed. The
variations of Wrec and η are 6% and 15% after 104 cycles, as shown in Figure 5.10(d).
A high charge-discharge rate is critical for high-power and pulsed-power applications. Fast chargedischarge measurements were performed for BZ8-CuO-RS1150 at various electric fields. The ceramic
capacitor was first charged under various electric fields, and then through a high-voltage switch, the stored
charges were released to a load resistor (RL = 2 kΩ), and the voltage across the load resistor was recorded.
The discharged energy density (Wdis) as a function of time under various electric fields is shown in Figure

Figure 5.11 The discharged energy density (Wdis) as a function of time for BZ8-CuO-RS1150 ceramic
at various electric field. The load resistor is 2 kΩ. The t0.9 values are around 0.8 μs for the discharge
curves at various electric fields.
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5.11. The Wdis at 250 kV/cm is 2 J/cm3 (0.12 Wh/kg).The obtained Wdis is a little lower than the Wrec obtained
from the P-E loop under the same electric field. This is attributed to the difference in timescale between the
two measurements. The fast charge-discharge measurement occurs on the nanosecond or microsecond
scale, while the P-E loop is usually measured under low frequency (1 – 100 Hz) and on the millisecond
scale [3, 44, 45]. The t0.9 parameter, which represents the time required to reach 90% of the final discharged
energy density, is usually used to evaluate the discharge rate of dielectric capacitors. The t0.9 values for
BZ8-CuO-RS1150 under various electric fields are similar and around 0.8 μs and the power density at 0.8
μs is 480 MW/kg, indicating that the BZ8-CuO-RS1150 ceramic has great potential for high-power
applications.

5.4 Conclusion
In summary, (Na1-2xBix)(Nb1-xZrx)O3 (x = 4%, 6%, 8%, 10%) ceramics have been prepared and
characterized. As the Bi/Zr content increases, the phase structure changes from orthorhombic to
pseudocubic. The antiferroelectricity gradually disappears, and the relaxor characteristics become
dominant. CuO was added as a sintering aid and a special sintering temperature profile was employed for
the ceramic with x = 8% (BZ8) to reduce the sintering temperature and the associated generation of oxygen
vacancies. The as-prepared BZ8 ceramic (BZ8-CuO-RS1150) exhibits improved breakdown strength,
originating from the enhanced resistivity and activation energy for conduction. Consequently, a high Wrec
of 4.9 and a high η of 88.4% were simultaneously achieved at 430 kV/cm. The BZ8-CuO-RS1150 ceramic
also exhibits satisfactory temperature stability in its energy storage properties, benefiting from the high
resistivity at elevated temperature. The cycling stability is inferior, however, due to the motion and
accumulation of oxygen vacancies during repeated cycles. The BZ8-CuO-RS1150 exhibits excellent
charge-discharge characteristics, with t0.9 of 0.8 μs for a 2 kΩ load resistor. All these advantages
demonstrate that the BZ8-CuO-RS1150 ceramic is a promising candidate for high-power energy storage
applications.
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Chapter 6 Sodium niobate-based antiferroelectrics
6.1 Introduction
Antiferroelectrics are among the most promising candidates for energy storage applications because of
its unique double hysteresis loops [1-4]. As shown in Figure 2.3, the shape corresponding to recoverable
energy density for AFEs is close to a rectangle, while the shapes for the other dielectrics are close to a
triangle. The unique double hysteresis loops of AFE are tightly related to the field-induced AFE-FE and
the reverse FE-AFE phase transitions [5-7]. At low electric field, the dielectric response of AFE is like that
of linear dielectrics, i.e., its polarization increases linearly as the electric field increases. When the electric
field reaches a critical value (EF), the AFE-FE phase transition occurs and the polarization jumps to a high
value on the same order as that of typical FEs. In unloading the electric field process, the stability of the
field-induced FE is reduced. When the electric field decreases to a critical value (EA), the FE-AFE phase
transition occurs and the AFE returns to AFE state with low permittivity and polarization. The remnant
polarization (Pr) of an ideal AFE should be zero because the polarization orientations in adjacent dipoles
are antiparallel, so that the ideal AFE has zero macroscopic polarization. The real AFEs, however, usually
exhibit a non-zero Pr at zero electric field due to various factors such as defects, leakage current, metastable
FE phase, etc. [3, 7]. In addition to the electric field, other factors such as temperature, pressure, and
composition can also affect the AFE-FE/FE-AFE phase transitions [7-10]. The compositional effect is also
known as the tolerance factor effect. The tolerance factor (t) of perovskites is given in Equation (2.10). It
was reported that, when t < 1, the AFE phase is stabilized and when t > 1, the FE phase is stabilized [11].
Therefore, reducing the tolerance factor is a widely used strategy for stabilizing the AFE phase in AFEs.
Most studied AFEs for energy storage applications are based on PbZrO 3 (PZ), such as
(Pb,La)(Zr,Sn,Ti)O3 (PLZST) and Pb(Nb,Zr,Sn,Ti)O3 (PNZST) where the material properties can be easily
tuned by changing the composition. For example, as the Ti content increased in PNZST ceramics, the initial
double hysteresis loop is gradually transformed to the square FE-like hysteresis loop [8, 12, 13]. Therefore
the energy storage properties of PLZST and PNZST ceramics can be optimized by tuning the composition.
By increasing the Sn/Ti ratio, the phase-transition field EF is increased from 40 to 228 kV/cm in
(Pb0.97La0.02)(Zr0.5Sn0.5-xTix)O3 ceramics, indicating that the AFE phase stability has been enhanced [14].
The P-E loop of the ceramics changed from the typical double hysteresis loop to a slanted double hysteresis
loop as x increased, leading to improved recoverable energy density (Wrec) and energy efficiency (η). The
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lead-based AFEs exhibit excellent energy storage properties, which can be tuned by adjusting the
composition to meet various applications, although the use the toxic lead element has been restricted by
many countries. Numerous efforts have been made towards developing lead-free AFE systems.
The present widely studied lead-free AFE systems include AgNbO3 (AN)-based, NaNbO3 (NN)-based,
and (Na0.5Bi0.5)TiO3 (NBT)-based systems. Among them, the exact phase in NBT-based “AFE” materials
is still under debate. AFE-like pinched P-E loops were indeed observed in NBT-based ceramics [15-17],
but no AFE-FE phase transition was observed [18-20]. The AN-based AFE ceramics for energy storage
have been widely reported [21-30]. The Wrec of AN-based AFE ceramics already reaches as high as around
5 J/cm3, which is comparable to the values for lead-based AFE ceramics. The energy efficiency of the ANbased AFE ceramics, however, is relatively low (~70%). The relatively low η is related to the large
hysteresis of the field-induced FE phase and the non-zero Pr, which may be associated with the ferrielectric
phase. In addition, the AN-based AFE ceramics are usually calcined and sintered in an oxygen-rich
atmosphere to avoid the decomposition of silver oxide at high temperature [31]. On the other hand, the NNbased ceramics are also promising candidates for lead-free AFE ceramics, and an oxygen atmosphere is not
necessary for the lead-free NN-based AFE ceramics. Therefore, this study focuses on the NN-based AFE
ceramics. Pure NN exhibits a series of complex phase transitions as the temperature increases [32]. At room
temperature, the NN ceramics are in the AFE P phase with a space group Pbma [33]. Although the roomtemperature phase of NN ceramics is an AFE phase, the characteristic double hysteresis loop is seldom
observed in NN ceramics. One possible reason is the existence of a metastable FE phase (Q phase) with the
space group P21ma [34, 35]. The Q phase can either exist in freshly prepared ceramics [36] or be induced
by an applied electric field [34, 37-39]. Unlike the behavior of the classical AFEs such as PbZrO3 and
AgNbO3, the field-induced FE phase cannot transform back to the initial AFE phase after the electric field
is removed, leading to FE-like P-E loops in NN ceramics [39]. Another possible reason is the existence of
oxygen vacancies, which are believed to stimulate the appearance of the FE Q phase indirectly [40]. The
generation of oxygen vacancies in NN ceramics is inevitable because the sintering temperature is usually
above 1300 °C, where some Na ions volatilize and oxygen vacancies are generated to maintain the charge
neutrality. Many efforts have been made to reduce the sintering temperature of NN-based ceramics, such
as using nanopowder [41], sparking plasma sintering [42], low-oxygen-pressure sintering [43], and adding
a sintering aid [44, 45].
It was reported that the tolerance factor (t), which is defined by Equation (2.10), can affect the phase
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stability of AFEs. When t decreases, the AFE phase is stabilized; when t increases, the FE phase is stabilized
[10]. The strategy of decreasing the t value of NN-based ceramics to stabilize the AFE phase has previously
been employed. Many endmembers such as SrZrO3 (t = 0.947) [46], CaZrO3 (t = 0.914) [47], CaHfO3 (t =
0.918) [48] and BiScO3 (t = 0.903) [49], have been added into NN (t = 0.967) ceramics to reduce t and
stabilize the AFE phase. In this study, two perovskite endmembers (Na0.5Bi0.5)ZrO3 (NBZ) (t = 0.922) and
Bi(Zr0.5Zn0.5)O3 (BZZ) (t = 0.910) were chosen to form solid solutions with NN (NN-100xNBZ and NN100xBZZ) due to their low tolerance factor and containing Bi element which is expected to increase the
polarization. In both cases, the tolerance factor decreased monotonically as the NBZ/BZZ content
increased. Double hysteresis loops appear in the ceramics with medium concentrations of NBZ/BZZ.
Although the energy storage performance of these NN-based AFE ceramics is not satisfactory, this work
provides some preliminary results for studying NN-based AFE ceramics.

6.2 Experimental Section
(1-x)NaNbO3-x(Na0.5Bi0.5)ZrO3 and (1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3 ceramics with x = 2%, 4%, 6%, 8%,
10%, 15% (abbreviated as NN-100xNBZ and NN-100xBZZ) were prepared via a conventional solid-state
method. The raw chemicals Na2CO3, Bi2O3, Nb2O5, ZrO2, and ZnO were baked at 150 °C for 12 h to remove
the absorbed moisture, weighed out according to the corresponding chemical formula, and ball milled with
anhydrous ethanol as the medium for 12 h. Then, the slurries were dried, ground and sieved into powders.
The powders were calcined at 800 – 900 °C for 4 h, depending on the composition. The calcined powders
were ball milled again for 22 h. After adding Rhoplex binder, the slurries were ball milled for another 2 h.
The slurries were dried, ground, sieved, and pressed into green pellets under a uniaxial pressure of 75 MPa,
followed by binder burn-out at 600 °C for 2 h. The pellets were buried in self-source powders with the same
composition as the pellets and sintered at 1000 – 1350 °C for 2 h, depending on the composition. The
sintered pellets were cut, ground and polished to achieve smooth and parallel surfaces. For small-signal
dielectric measurements, the samples were ground down to around 0.5 mm in thickness. Silver paste was
painted on the surfaces of the samples and fired-on at 550 °C for 30 min. For large-signal measurements
such as ferroelectric measurements, the samples were ground down to around 0.1 mm, and sputtered
platinum was used for the electrodes.
The phase purity and lattice parameters were determined by powder X-ray diffraction (PANalytical
Empyrean X-ray diffraction goniometer) on grounded sintered pellets in the 2θ range of 20 – 80 ° with a
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scan rate of 5 °/min. The microstructures of the samples were examined by field emission scanning
microscopy (JSM-7500FA, JEOL) on the fracture surfaces. The permittivity and dielectric loss as functions
of temperature and frequency were measured using a dielectric measurement system (TZDM-RT-800,
Harbin Julang Tech., China) with a precision LCR meter (Keysight 4980AL) connected, over the
temperature range from 25 – 400 °C and at frequencies from 102 to 106 Hz. The P-E loops of the ceramics
were measured using a ferroelectric measurement system (PK-CPE1701, PolyK Tech., USA).

6.3 Results and Discussion
6.3.1 (1-x)NaNbO3-x(Na0.5Bi0.5)ZrO3 AFE ceramics
The XRD patterns of the (1-x)NaNbO3-x(Na0.5Bi0.5)ZrO3 (NN-100xNBZ) ceramics are shown in Figure
6.1(a). All the ceramics exhibit a pure perovskite phase. The split peaks such as (200)pc and (210)pc merge
as the NBZ content increases, as shown in Figure 6.1(b) and (c). The subscript pc means that the peaks are
indexed to a pseudocubic unit cell. The ceramics also exhibit superlattice diffraction peaks, as indicated by
the arrows, which are usually observed in NN-based AFE ceramics [47, 50]. SEM images of the polished
and thermally etched surfaces of the NN-100xNBZ ceramics are shown in Figure 6.2. As the NBZ content
increases, the porosity is reduced, while the grain size is increased, indicating that the grain boundary
mobility and sinterability is enhanced, which could be caused by the formation of Bi-rich liquid phases at
high sintering temperature. All the ceramics exhibit high relative density (> 95%).

Figure 6.1 (a) XRD patterns of NN-xNBZ ceramics. The arrows indicate the superlattice diffraction
peaks. (b)(c) The enlarge peaks for NN-xNBZ ceramics in pseudocubic unit cell: (b) (200) pc peaks; (c)
(210)pc peaks.
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Figure 6.2 SEM images of the polished and thermally etched surfaces of the NN-xNBZ ceramics.
The permittivity and loss as functions of temperature and frequency for the NN-100xNBZ ceramics are
plotted in Figure 6.3. For NN-2NBZ, there is a sharp phase transition peak located around 340 °C, which
corresponds to the phase transition from the AFE P phase to the AFE R phase, similar to the case in pure
NN ceramics [41]. As the NBZ content increases, the dielectric maxima temperature (Tm) shifts to lower
temperatures, as shown in Figure 6.4. When the NBZ content is increased from 10% to 15%, the Tm shifts
drastically to below room temperature. This feature implies that the NN-100xNBZ solid solutions with high
x values belong to group II NN-ABO3 solid solutions, where the Tm decreases significantly when the ABO3

Figure 6.3 Temperature dependence of the permittivity and dielectric loss of NN-xNBZ ceramics
measured at frequencies from 100 Hz to 1 MHz. (a) x = 2%. (b) x = 4%. (c) x = 6%. (d) x = 8%. (e) x
= 10%. (f) x = 15%.
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Figure 6.4 Variation of the dielectric maxima temperature (Tmax) as a function of the NBZ
concentration.
endmember content increases above a critical value [51]. The critical value of NN-100xNBZ is between
10% and 15%. The permittivity and loss at low frequency (e.g. 100 Hz) for all the ceramics increase at high
temperatures, which is related to the motion of oxygen vacancies.
The P-E loops at room temperature for NN-100xNBZ ceramics are shown in Figure 6.5. For NN-2NBZ
and NN-4NBZ, the P-E loops have a slight hint of antiferroelectricity, but the overall P-E loop shapes are
close to those of ferroelectric hysteresis loops. This may be related to the metastable field-induced FE Q
phase and/or the oxygen vacancies generated during the high-temperature sintering process (1350 °C). The
ceramics with medium NBZ content, NN-6NBZ, NN-8NBZ, and NN-10NBZ, all exhibit double hysteresis
loops at high electric fields. The evolution of P-E loops of these ceramics with the electric field is similar
to that of AFEs [3]. At low electric field, the polarization increases linearly as the electric field increases.
When it reaches a critical electric field, the polarization increases significantly, and then the double
hysteresis loops appear. For the ceramic with the highest NBZ content, NN-15NBZ, the P-E loops become
slim, which is a characteristic of relaxors. The transformation from AFE to relaxor with increasing NBZ
content is reasonable, because cations with different radii and charges occupied the same crystallographic
sites in NN-100xNBZ ceramics, which disrupts the long-range ordering of AFE or FE phase. It is interesting
to note that the appearance of the relaxor-type P-E loop may be related to the drastic shift of Tm in dielectric-
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Figure 6.5 P-E loops at various electric fields for NN-xNBZ ceramics at room temperature and 10 Hz.
(a) x = 2%. (b) x = 4%. (c) x = 6%. (d) x = 8%. (e) x = 10%. (f) x = 15%.
temperature curves when x exceeds a critical value. The P-E loops at 280 kV/cm for NN-6NBZ, NN-8NBZ,
and NN-10NBZ are compared in Figure 6.6(a). As the NBZ content increases, the Pr decreases gradually,
indicating that the antiferroelectricity is increased, because the zero-field state of ideal AFEs is nonpolar
with zero Pr. The non-zero Pr in these NN-100xNBZ ceramics is related to the coexistence of AFE P phase
and FE Q phase at zero electric field and/or the conductivity. Another indication of enhanced AFE phase
stability is that the AFE-FE phase transition field (EF) increases as the NBZ content increases. The Pmax
values as a function of the applied electric field for the NN-100xNBZ ceramics are shown in Figure 6.6(b).
All the ceramics except NN-15NBZ exhibit a jump in Pmax at a specific field. The metastable FE Q phase
and oxygen vacancies may overshadow the AFE-FE phase transitions in NN-2NBZ and NN-4NBZ
ceramics. The critical field increases as the NBZ content increases for NN-6NBZ, NN-8NBZ, and NN10NBZ ceramics, demonstrating that the AFE phase stability is enhanced. The enhanced AFE phase
stability is correlated with the reduction of the tolerance factor, as shown in Figure 6.6(c). The average
electronegativity (X) also decreases as the NBZ content increases. Although Shimizu et al. proposed that
reducing the tolerance factor while keeping the X fixed could stabilize the AFE phase in NN-based AFE
ceramics [47], Gao et al. also reported double hysteresis loops in NaNbO3-BiScO3 solid solution where the
X increased as BiScO3 was added [49]. Therefore, the effect of the average electronegativity may not crucial
for AFE stability in NN-based AFE ceramics. As the NBZ content increases further, the AFE state is
transformed to the relaxor state, and the Pmax increases linearly as the electric field increases.
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Figure 6.6 (a) P-E loops at 280 kV/cm for NN-6NBZ, NN-8NBZ, and NN-10NBZ ceramics. (b) The
variation of Pmax as a function of electric field for NN-xNBZ ceramics. (c) Variations of the tolerance
factor (t) and the average electronegativity (X) of NN-xNBZ ceramics as functions of the NBZ
concentration.
The Pmax in the field-induced FE phase for the ceramics with double hysteresis loops (NN-6NBZ, NN8NBZ, and NN-10NBZ) is high, e.g., above 30 μC/cm2 at 280 kV/cm. The recoverable energy density and
energy efficiency, however, are only around 2 J/cm3 and below 40%, respectively. Therefore, the present
NN-100xNBZ AFE ceramics are not suitable for energy storage applications, and further modifications
need to be made following the paradigm set by the well-studied PbZrO3-based AFE ceramics.

6.3.2 (1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3 AFE ceramics
The XRD patterns of (1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3 (NN-100xBZZ) ceramics are shown in Figure 6.7(a).
The ceramics with low BZZ content exhibit a single perovskite phase. When the BZZ content exceeds 8%,
a secondary phase, Bi2(Zn1/3Nb2/3)2O7 (labelled with the star symbol), appears and becomes more dominant
as the BZZ content increases. Similar to NN-100xNBZ solid solutions, the split peaks such as (200)pc and
(210)pc merge as the BZZ content increases, as shown in Figure 6.7(b) and (c). SEM images of the polished
and thermally etched surfaces of NN-100xBZZ ceramics are shown in Figure 6.8. Similar to the NN100xNBZ ceramics, the grain boundary mobility is enhanced, and the grain size increases as the BZZ
content increases. All the ceramics exhibit high relative density (> 95%).
The dielectric properties of NN-100xBZZ ceramics as functions of temperature and frequency are shown
in Figure 6.9(a)-(e). The shifting trend of Tm with composition is similar to that for the NN-100xNBZ
ceramics, that is, the Tm decreases smoothly at first, as shown in Figure 6.9(f), and then it shifts drastically
below room temperature when the endmember concentration exceeds a critical value. The critical
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Figure 6.7 (a) XRD patterns of NN-xBZZ ceramics. The stars indicate the secondary phase
Bi2(Zn1/3Nb2/3)2O7. (b)(c) Enlargements of peaks for NN-xBZZ ceramics in the pseudocubic unit cell:
(b) (200)pc peaks; (c) (210)pc peaks.
concentration in NN-100xBZZ ceramics is between 6% and 8%. There is another “shoulder” at 220 °C in
the permittivity-temperature curves for NN-2BZZ, but the origin is unknown.
The P-E loops at room temperature for NN-100xBZZ are shown in Figure 6.10. The P-E loops of NN2BZZ resemble FE hysteresis loops with conduction components. This may be caused by the high sintering
temperature and the associated oxygen vacancies. As the BZZ content increases, the AFE features become
more dominant, and finally, the relaxor characteristics appear. The correlation between the drastic shift of
Tm and the appearance of relaxor P-E loops is different for the NN-100xNBZ and the NN-100xBZZ solid

Figure 6.8 SEM images of the polished and thermally etched surfaces of NN-xNZZ ceramics.
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Figure 6.9 (a)-(e) Temperature dependence of the permittivity and dielectric loss of NN-xBZZ
ceramics measured at frequencies from 100 Hz to 1 MHz: (a) x = 2%; (b) x = 4%; (c) x = 6%; (d) x =
8%; (e) x = 10%. (f) The variation of Tmax as a function of the BZZ concentration in the range of 2% –
6%.
solutions. In NN-15NBZ ceramic, the Tm shifts below room temperature, and the relaxor P-E loop appears
at the same time. The Tm of NN-8BZZ ceramic is also below room temperature, but it still exhibits an AFE
double hysteresis loop. A similar phenomenon was also observed in (1-x)NaNbO3-xSrTiO3 solid solution
at x = 0.17 [52]. The reason may lie in the different measurement techniques between the dielectric
measurements and the ferroelectric measurements. In dielectric measurements, high frequency voltages

Figure 6.10 P-E loops at various electric fields for NN-xBZZ ceramics at room temperature and 10 Hz.
(a) x = 2%. (b) x = 4%. (c) x = 6%. (d) x = 8%. (e) x = 10%.
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(102 – 106 Hz) with low amplitude (~ 1 V) are applied on the sample, while in the ferroelectric measurement,
relatively low frequency voltages (10 Hz) with high amplitude (up to several kV) are used. There are still
some residual AFE components existing in the ceramics with the critical concentration (NN-10NBZ and
NN-8BZZ), as evidenced by the incompletely merged (210)pc peaks of the two ceramics in Figure 6.1(c)
and Figure 6.7(c), respectively. The high electric field in the ferroelectric measurements may force the
residual AFE components in the ceramics with the critical concentration to align along the applied electric
field, and the aligned dipoles can return to the initial state after the electric field is removed, leading to an
AFE characteristic double hysteresis loop. The concentration of the residual AFE components in NN-8BZZ
is less than that in NN-10NBZ because the (210)pc peak in the former is a single peak with a shoulder, while
the peaks in the same angular range are split in the latter. This may be the reason why both the ceramics
exhibit double hysteresis loops at high electric field but their Tm positions are significantly different.
The P-E loops at 200 kV/cm for NN-4BZZ, NN-6BZZ, and NN-8BZZ are compared in Figure 6.11(a).
The AFE phase stability is enhanced as the BZZ content increases, as evidenced by the reduced Pr in NN6BZZ when compared with NN-4BZZ. The double hysteresis loop in NN-8BZZ is not well developed,
indicating that the AFE phase in NN-8BZZ is more stable than in the other two samples. The enhanced
AFE phase stability is also reflected by the higher electric field at which the Pmax jumps in Figure 6.11(b).
Similar to the NN-100xNBZ solid solutions, the AFE state is transformed to the relaxor state when the
endmember concentration is high. The increased AFE stability can be explained by the decreased tolerance
factor as the BZZ content increases, as shown in Figure 6.11(c). The average electronegativity is also
reduced as the BZZ content increases, indicating that the strategy of reducing the tolerance factor while
maintaining the average electronegativity to increase the AFE phase stability is not valid for all NN-based

Figure 6.11 (a) P-E loops at 200 kV/cm for NN-4BZZ, NN-6BZZ, and NN-8BZZ ceramics. (b) The
variation of Pmax as a function of electric field for NN-xBZZ ceramics. (c) Variations of the tolerance
factor (t) and the average electronegativity (X) of NN-xBZZ ceramics as functions of the BZZ
concentration.
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AFE ceramics [47].
Similar to NN-100xNBZ, the energy storage properties of NN-100xBZZ are inferior, with Wrec around
1.2 J/cm3 and η around 30%. Further modifications of the composition design and preparation techniques
are desirable to improve the energy storage properties.

6.4 Conclusion
In summary, two series of NN-based AFE ceramics, (1-x)NaNbO3-x(Na0.5Bi0.5)ZrO3 (NN-100xNBZ) and
(1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3 (NN-100xBZZ) were prepared and characterized. As the endmember
NBZ/BZZ content increases, the phase structure is transformed from orthorhombic to pseudocubic in both
cases. The Tm shifts to lower temperature as the NBZ/BZZ content increases and suddenly drops below
room temperature after the endmember concentration reaches a critical value. The sudden drop of Tm may
have a correlation with the transformation of P-E loops from AFE-like to relaxor-like, but they may not
occur in the same sample. The different mechanisms between the small-signal dielectric measurement and
the large-signal ferroelectric measurements may explain the discrepancy. As the NBZ/BZZ content
increases, the AFE phase stability is enhanced, and the characteristic double hysteresis loops can be
observed in the ceramics with medium NBZ/BZZ concentration. The energy storage properties of the NNbased AFE ceramics are inferior, and further modifications to such factors as the composition design and
preparation techniques can be made by following the paradigm set by the well-studied PbZrO3-based AFE
ceramics.

6.5 References
[1]

X. Hao. A review on the dielectric materials for high energy-storage application. Journal of
Advanced Dielectrics. 2013;3:1330001.

[2]

H. Palneedi, M. Peddigari, G. T. Hwang, D. Y. Jeong, J. Ryu. High-Performance Dielectric
Ceramic Films for Energy Storage Capacitors: Progress and Outlook. Advanced Functional
Materials. 2018;28:1803665.

[3]

L. Yang, X. Kong, F. Li, H. Hao, Z. Cheng, H. Liu, J.-F. Li, S. Zhang. Perovskite lead-free
dielectrics for energy storage applications. Progress in Materials Science. 2019;102:72-108.

[4]

Z. Yao, Z. Song, H. Hao, Z. Yu, M. Cao, S. Zhang, M. T. Lanagan, H. Liu.
Homogeneous/Inhomogeneous-Structured Dielectrics and their Energy-Storage Performances.

122

Advanced Materials. 2017;29:1601727.
[5]

X. Hao, J. Zhai, L. B. Kong, Z. Xu. A comprehensive review on the progress of lead zirconatebased antiferroelectric materials. Progress in Materials Science. 2014;63:1-57.

[6]

Z. Liu, T. Lu, J. Ye, G. Wang, X. Dong, R. Withers, Y. Liu. Antiferroelectrics for Energy Storage
Applications: a Review. Advanced Materials Technologies. 2018;3:1800111.

[7]

X. Tan, C. Ma, J. Frederick, S. Beckman, K. G. Webber. The Antiferroelectric ↔ Ferroelectric
Phase Transition in Lead-Containing and Lead-Free Perovskite Ceramics. Journal of the American
Ceramic Society. 2011;94:4091-107.

[8]

D. Berlincourt, H. H. A. Krueger, B. Jaffe. Stability of phases in modified lead zirconate with
variation in pressure, electric field, temperature and composition. Journal of Physics and
Chemistry of Solids. 1964;25:659-74.

[9]

G. Shirane. Ferroelectricity and Antiferroelectricity in Ceramic PbZrO 3 Containing Ba or Sr.
Physical Review. 1952;86:219-27.

[10]

S.-E. Park, K. Markowski, S. Yoshikawa, L. E. Cross. Effect on Electrical Properties of Barium
and Strontium Additions in the Lead Lanthanum Zirconate Stannate Titanate System. Journal of
the American Ceramic Society. 2005;80:407-12.

[11]

C. N. R. Rao, K. Rao. Phase transitions in solids. New York, N. Y.: McGraw-Hill; 1978.

[12]

J. Frederick, X. Tan, W. Jo. Strains and Polarization During Antiferroelectric-Ferroelectric Phase
Switching in Pb0.99Nb0.02[(Zr0.57Sn0.43)1−yTiy]0.98O3 Ceramics. Journal of the American Ceramic
Society. 2011;94:1149-55.

[13]

Y. J. Feng, Z. Xu, X. Yao. Effect of Sn doping on the phase transition behaviors of antiferroelectric
lead zirconate titanate. Materials Science and Engineering: B. 2003;99:499-501.

[14]

X. Wang, J. Shen, T. Yang, Y. Dong, Y. Liu. High energy-storage performance and dielectric
properties of antiferroelectric (Pb0.97La0.02)(Zr0.5Sn0.5−xTix)O3 ceramic. Journal of Alloys and
Compounds. 2016;655:309-13.

[15]

Y. Guo, M. Gu, H. Luo, Y. Liu, R. L. Withers. Composition-induced antiferroelectric phase and
giant strain in lead-free (Nay,Biz)Ti1−xO3(1−x)−xBaTiO3 ceramics. Physical Review B.
2011;83:054118.

[16]

X. Li, P. Liu, Z. Xi, P. Fang, W. Long, X. Zhao. Effects of doping Bi and Nd on the phase transition
and electric properties of (Bi1/2Na1/2)0.94Ba0.06TiO3 ceramics. Journal of Electroceramics.

123

2013;32:86-91.
[17]

Y. H. Xu, X. M. Liu, G. D. Wang, X. L. Liu, Y. J. Feng. Antiferroelectricity in tantalum doped
(Bi0.5Na0.5)0.94Ba0.06TiO3 lead-free ceramics. Ceramics International. 2016;42:4313-22.

[18]

G. O. Jones, P. A. Thomas. Investigation of the structure and phase transitions in the novel A-site
substituted distorted perovskite compound Na0.5Bi0.5TiO3. Acta Crystallographica Section B:
Structural Science. 2002;58:168-78.

[19]

R. Garg, B. N. Rao, A. Senyshyn, P. Krishna, R. Ranjan. Lead-free piezoelectric system
(Na0.5Bi0.5)TiO3-BaTiO3: Equilibrium structures and irreversible structural transformations driven
by electric field and mechanical impact. Physical Review B. 2013;88:014103.

[20]

W. Jo, S. Schaab, E. Sapper, L. A. Schmitt, H.-J. Kleebe, A. J. Bell, J. Rödel. On the phase identity
and its thermal evolution of lead free (Bi1/2Na1/2)TiO3-6 mol% BaTiO3. Journal of Applied Physics.
2011;110:074106.

[21]

J. Gao, Y. Zhang, L. Zhao, K.-Y. Lee, Q. Liu, A. Studer, M. Hinterstein, S. Zhang, J.-F. Li.
Enhanced antiferroelectric phase stability in La-doped AgNbO3: perspectives from the
microstructure to energy storage properties. Journal of Materials Chemistry A. 2019;7:2225-32.

[22]

K. Han, N. N. Luo, S. F. Mao, F. P. Zhuo, L. J. Liu, B. L. Peng, X. Y. Chen, C. Z. Hu, H. F. Zhou,
Y. Z. Wei. Ultrahigh energy-storage density in A-/B-site co-doped AgNbO3 lead-free
antiferroelectric ceramics: insight into the origin of antiferroelectricity. Journal of Materials
Chemistry A. 2019;7:26293-301.

[23]

N. Luo, K. Han, F. Zhuo, C. Xu, G. Zhang, L. Liu, X. Chen, C. Hu, H. Zhou, Y. Wei. Aliovalent
A-site engineered AgNbO3 lead-free antiferroelectric ceramics toward superior energy storage
density. Journal of Materials Chemistry A. 2019;7:14118-28.

[24]

N. N. Luo, K. Han, F. P. Zhuo, L. J. Liu, X. Y. Chen, B. L. Peng, X. P. Wang, Q. Feng, Y. Z. Wei.
Design for high energy storage density and temperature-insensitive lead-free antiferroelectric
ceramics. Journal of Materials Chemistry C. 2019;7:4999-5008.

[25]

Y. Tian, L. Jin, H. F. Zhang, Z. Xu, X. Y. Wei, E. D. Politova, S. Y. Stefanovich, N. V. Tarakina,
I. Abrahams, H. X. Yan. High energy density in silver niobate ceramics. Journal of Materials
Chemistry A. 2016;4:17279-87.

[26]

Y. Tian, L. Jin, H. F. Zhang, Z. Xu, X. Y. Wei, G. Viola, I. Abrahams, H. X. Yan. Phase transitions
in bismuth-modified silver niobate ceramics for high power energy storage. Journal of Materials

124

Chemistry A. 2017;5:17525-31.
[27]

Z. N. Yan, D. Zhang, X. F. Zhou, H. Qi, H. Luo, K. C. Zhou, I. Abrahams, H. X. Yan. Silver
niobate based lead-free ceramics with high energy storage density. Journal of Materials Chemistry
A. 2019;7:10702-11.

[28]

L. Zhao, J. Gao, Q. Liu, S. Zhang, J. F. Li. Silver Niobate Lead-Free Antiferroelectric Ceramics:
Enhancing Energy Storage Density by B-Site Doping. ACS Appl Mater Interfaces. 2018;10:81926.

[29]

L. Zhao, Q. Liu, J. Gao, S. Zhang, J. F. Li. Lead-Free Antiferroelectric Silver Niobate Tantalate
with High Energy Storage Performance. Advanced Materials. 2017;29:1701824.

[30]

L. Zhao, Q. Liu, S. J. Zhang, J. F. Li. Lead-free AgNbO3 anti-ferroelectric ceramics with an
enhanced energy storage performance using MnO2 modification. Journal of Materials Chemistry
C. 2016;4:8380-4.

[31]

D. S. Fu, M. Endo, H. Taniguchi, T. Taniyama, M. Itoh. AgNbO3: A lead-free material with large
polarization and electromechanical response. Applied Physics Letters. 2007;90:252907.

[32]

H. D. Megaw. The seven phases of sodium niobate. Ferroelectrics. 1974;7:87-9.

[33]

H. D. Megaw, M. Wells. The space group of NaNbO3 and (Na0.995K0.005)NbO3. Acta
Crystallographica. 1958;11:858-62.

[34]

V. A. Shuvaeva, M. Y. Antipin, R. S. V. Lindeman, O. E. Fesenko, V. G. Smotrakov, Y. T.
Struchkov. Crystal structure of the electric-fieldinduced ferroelectric phase of NaNbO3.
Ferroelectrics. 1993;141:307-11.

[35]

M. Wells, H. Megaw. 2 structures in the system (Na, K) NbO 3. Acta Crystallographica.
1960;13:1072-.

[36]

H. F. Zhang, B. Yang, H. X. Yan, I. Abrahams. Isolation of a ferroelectric intermediate phase in
antiferroelectric dense sodium niobate ceramics. Acta Materialia. 2019;179:255-61.

[37]

M. Tyunina, A. Dejneka, D. Rytz, I. Gregora, F. Borodavka, M. Vondracek, J. Honolka.
Ferroelectricity in antiferroelectric NaNbO3 crystal. J Phys Condens Matter. 2014;26:125901.

[38]

P. Vousden. The structure of ferroelectric sodium niobate at room temperature. Acta
Crystallographica. 1951;4:545-51.

[39]

R. H. Dungan, R. D. Golding. Metastable Ferroelectric Sodium Niobate. Journal of the American
Ceramic Society. 1964;47:73-6.

125

[40]

R. A. Shakhovoy, S. I. Raevskaya, L. A. Shakhovaya, D. V. Suzdalev, I. P. Raevski, Y. I. Yuzyuk,
A. F. Semenchev, M. El Marssi. Ferroelectric Q and antiferroelectric P phases' coexistence and
local phase transitions in oxygen-deficient NaNbO3 single crystal: micro-Raman, dielectric and
dilatometric studies. Journal of Raman Spectroscopy. 2012;43:1141-5.

[41]

L. Chao, Y. Hou, M. Zheng, M. Zhu. High dense structure boosts stability of antiferroelectric
phase of NaNbO3 polycrystalline ceramics. Applied Physics Letters. 2016;108:212902.

[42]

T. Wada, K. Tsuji, T. Saito, Y. Matsuo. Ferroelectric NaNbO 3 Ceramics Fabricated by Spark
Plasma Sintering. Japanese Journal of Applied Physics. 2003;42:6110-4.

[43]

H. Shimizu, K. Kobayashi, Y. Mizuno, C. A. Randall. Advantages of Low Partial Pressure of
Oxygen Processing of Alkali Niobate: NaNbO3. Journal of the American Ceramic Society.
2014;97:1791-6.

[44]

X. Tan, Z. Xu, X. Liu, Z. Fan. Double hysteresis loops at room temperature in NaNbO 3-based
lead-free antiferroelectric ceramics. Materials Research Letters. 2017;6:159-64.

[45]

E. Erünal, P. Jakes, S. Körbel, J. Acker, H. Kungl, C. Elsässer, M. J. Hoffmann, R.-A. Eichel.
CuO-doped NaNbO3 antiferroelectrics: Impact of aliovalent doping and nonstoichiometry on the
defect structure and formation of secondary phases. Physical Review B. 2011;84:184113.

[46]

H. Guo, H. Shimizu, Y. Mizuno, C. A. Randall. Strategy for stabilization of the antiferroelectric
phase (Pbma) over the metastable ferroelectric phase (P2 1ma) to establish double loop hysteresis
in lead-free (1−x)NaNbO3-xSrZrO3 solid solution. Journal of Applied Physics. 2015;117:214103.

[47]

H. Shimizu, H. Guo, S. E. Reyes-Lillo, Y. Mizuno, K. M. Rabe, C. A. Randall. Lead-free
antiferroelectric: xCaZrO3-(1 - x)NaNbO3 system (0 ≤ x ≤ 0.10). Dalton Transactions.
2015;44:10763-72.

[48]

L. Gao, H. Guo, S. Zhang, C. A. Randall. A perovskite lead-free antiferroelectric xCaHfO3-(1-x)
NaNbO3 with induced double hysteresis loops at room temperature. Journal of Applied Physics.
2016;120:204102.

[49]

L. Gao, H. Guo, S. Zhang, C. A. Randall. Stabilized antiferroelectricity in xBiScO3-(1-x)NaNbO3
lead-free ceramics with established double hysteresis loops. Applied Physics Letters.
2018;112:092905.

[50]

J. Ye, G. Wang, X. Chen, F. Cao, X. Dong. Enhanced antiferroelectricity and double hysteresis
loop observed in lead-free (1−x)NaNbO3-xCaSnO3 ceramics. Applied Physics Letters.

126

2019;114:122901.
[51]

I. P. Raevski, S. A. Prosandeev. A new, lead free, family of perovskites with a diffuse phase
transition: NaNbO3-based solid solutions. Journal of Physics and Chemistry of Solids.
2002;63:1939-50.

[52]

A. W. Xie, H. Qi, R. Z. Zuo, A. Tian, J. Chen, S. J. Zhang. An environmentally-benign NaNbO3
based perovskite antiferroelectric alternative to traditional lead-based counterparts. Journal of
Materials Chemistry C. 2019;7:15153-61.

127

Chapter 7 Conclusions and Perspectives
7.1 Conclusions of this research
Relaxors are among the most promising candidates for energy-storage dielectric capacitors. The
polarization of high-permittivity relaxors, however, is easily saturated in electric fields lower than their
BDS, so that their energy storage properties are significantly limited. To solve this problem, the FE-active
Ti4+ cations in 0.5(Na0.5Bi0.5)TiO3-0.5SrTiO3 relaxor were partially replaced by the FE-inactive Sn4+
cations. This was because the Ti4+ cations with the d0 electronic configuration are believed to play an
important role in realizing ferroelectricity, while the Sn4+ cations with the d10 electronic configuration do
not tend to induce ferroelectricity in perovskites [1, 2]. As a result, the polarization saturation was mitigated
after Sn4+ doping, as evidenced by the reduced tunability of the permittivity in the doped ceramics. In
addition to mitigating the polarization saturation, the Sn-doped ceramics also exhibit fine grains, reduced
permittivity, and low loss, which are all beneficial for high BDS. The optimal Wrec and η are 3.4 J/cm3 and
90%, respectively, at 310 kV/cm in 20% Sn4+-doped ceramics (Sn20). This ceramic also exhibits excellent
temperature stability and cycling stability in its energy storage properties, which is related to its
temperature- and field-independent permittivity. The t0.9 of the Sn20 ceramics is 0.63 μs for a 2 kΩ load
resistor, indicating that the ceramic has a high charge-discharge rate and power density. The strategy of
partially replacing FE-active cations such as Ti4+ and Nb5+ in relaxors by FE-inactive cations such as Sn4+
is an effective means of increasing the energy storage properties of high-permittivity relaxors by mitigating
the polarization saturation.
Compared to titanate perovskites, less attention has been paid to niobate perovskites for energy storage
applications. The Nb5+ cation in niobates is also an FE-active cation and is believed to induce high
permittivity and polarization in niobates. NaNbO3 (NN) is a typical niobate perovskite and is widely used
as an endmember in ferroelectrics and piezoelectrics. A-site vacancies were introduced deliberately by
doping NN with identical amounts of Bi3+ and Zr4+ cations into A-sites and B-sites, respectively. As the
Bi/Zr content increases, the relaxor characteristics become dominant. Benefiting from the AFE nature of
NN, the dielectric loss of Bi/Zr-doped NN is low (< 0.3%). The optimal Wrec and η in the series of Bi/Zrdoped NN ceramics are 2.5 J/cm3 and 92%, respectively at 260 kV/cm in 8% Bi/Zr-doped NN (BZ8)
ceramics. Considering the unique sintering behavior of NN and the generation of oxygen vacancies at high
sintering temperature, 0.5 wt% CuO as a sintering aid was added, and a special sintering temperature profile
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“Ramp-to-Spike” (RS) was used to prepare BZ8 ceramics (BZ8-CuO-RS1150) in order to reduce the
sintering temperature and dwell time. As a result, the BDS of BZ8-CuO-RS1150 was improved, which is
attributed to the enhanced resistivity and electric homogeneity. The maximum Wrec of 4.9 J/cm3 was
achieved at 430 kV/cm, which is higher than other NaNbO3-based relaxors. Of particular importance is that
the η at this field is as high as 88%, benefiting from the high resistivity and low loss. The temperature
stability and cycling stability of this ceramic are inferior due to the temperature-dependent permittivity and
the motion of oxygen vacancies, respectively. The RS sintering temperature profile should be beneficial for
preparing dense niobate ceramics with fine grains.
Although NN is an AFE at room temperature, the AFE characteristic double hysteresis loops are rarely
observed in NN ceramics and crystals. The possible reason is the existence of a metastable field-induced
FE Q phase [3]. At present, there is no clear guideline for removing the Q phase completely and achieving
the ideal double hysteresis loops in NN-based ceramics. In this thesis, guided by the strategy of reducing
the tolerance factor, two series of NN-based AFE ceramics, (1-x)NaNbO3-x(Na0.5Bi0.5)ZrO3 (NN100xNBZ) and (1-x)NaNbO3-xBi(Zr0.5Zn0.5)O3 (NN-100xBZZ), were prepared and characterized. As the
endmember concentration increases to a critical value, the Tm suddenly drops below room temperature
suddenly. The double hysteresis loops are observed in the ceramics with medium concentrations of the
endmember. The critical endmember concentration that induces the sudden drop of Tm and the concentration
at which the double hysteresis loops appear are not exactly the same, which may be caused by the different
measurement mechanisms for small-signal dielectric measurements and large-signal ferroelectric
measurements. Due to the existence of the metastable FE Q phase, the Pr is non-zero, and the η is low. At
the present stage, the prepared NN-based AFE ceramics are not suitable for energy storage applications.
Further improvements can be made by following the development path of the well-studied PbZrO3-based
AFE ceramics.

7.2 Perspectives
Even though the polarization saturation is mitigated and the energy storage properties are improved by
doping Sn into 0.5(Na0.5Bi0.5)TiO3-0.5SrTiO3 relaxor ceramics, the physical origins of the mitigated
polarization saturation are not clear yet. The interactions between the FE-active Ti4+ cations/FE-inactive
Sn4+ cations and the surrounding ions have not been studied in this thesis. First-principle calculations may
be helpful for understanding the mechanisms behind the mitigation of polarization saturation and guide
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future composition design for high-performance relaxor ceramics intended for energy storage applications.
The niobate perovskites such as NN and (K0.5Na0.5)NbO3 are promising alternatives to lead-based
ceramics in energy storage and piezoelectric applications [4, 5]. The sintering behavior of niobate
perovskites, however, have not been thoroughly investigated. The present studies show that the sintering
behavior of NN ceramics is different from that in other ceramics, such as Al2O3, ZrO2, and BaTiO3 [6]. The
grain growth of these ceramics can be controlled, and fully dense ceramics with submicron grains can be
obtained by a two-step sintering [7, 8]. Since the grain growth and the densification process of NN ceramics
during the sintering process occur at almost the same time, it is hard to obtain dense NN ceramics with fine
grains. A possible solution to solve this problem is the strategy involving the combination of a sintering aid
and the RS sintering temperature profile that is proposed in this thesis. Nevertheless, the structural evolution
of the ceramics during sintering has not been studied and the related parameters such as peak temperature
and heating rate have not been optimized in this thesis. If the grain size can be refined by optimizing the
preparation techniques, the energy storage properties of niobate perovskites will be further improved. In
addition, the energy density can be improved further by preparing the multilayer capacitors.
The main problem with the NN-based AFE ceramics is the existence of the metastable FE Q phase. The
Q phase content in the ceramics increases after several field loading/unloading cycles. The stability of the
field-induced phase cannot be affected by the tolerance factor. To solve this problem, a promising method
is referring to and following the development path of the well-studied PbZrO3-based AFE ceramics. For
example, the tolerance factor effect which was proved valid in some lead-based AFE systems is also valid
for some NaNbO3-based AFE ceramics. There are other factors affecting the AFE phase stability of PbZrO3based AFE ceramics such as pressure [9, 10], temperature [11], and self-constrained electrode configuration
[12]. The effects of these factors on the AFE phase stability of lead-free AFE ceramics are worth studying.
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